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ABSTRACT

The "Fuels and Lubricants Influence on Turbine Engine Design and Perfor-
mance"” (FLITE) programs was a study to evaluate the influence of fuel tempera-
ture limits and engine lubricant temperature limits o iInstalled interceptor
performance at the ailrframe subsystem and engine component level. Engine
cycles, representative of technology levels necessary to provide high Mach,
steady-state cruise capability in the 1980 time perioed, were selected. Defi-
nition of these concepts permitted evaluation of engine performance as a
function of fuel and lubricant properties and teuwperature limitations.
Install~d performance increments then were determined for advanced iunterceptors
usin, toe :0ff gross weight in a fixed mission role as the primary figure of
merit. Inis allowed r measure of the relative performance significance of
airframe subsystem and engine component design chanrces. The relative allet-
ment of available fuel heat sink between engine and airframe was also investi-
gated to determine the primary factors affected by fuel interface teuwperature
which may influence aircraft performance, and to provide meaningful design
guidance for future systems application. Results of the program indicate
that JP-5/8 fuel and MIL-L-27502 lubricant/hydraulic fluid meet the minimum
requirements for a Mach 3+ interceptor while a fuel with JP-7 theramal stability
and a 500° F ester lubricant/hydraulic fluid are recommenced for advanced
aircraft systems diu the Mach 4+ category. Above a minimum level the influznce

of bulkk oil temperature has only secondary influence on interceptor performance.

The use of precooled fuel provides an attractive ouption to achieve a direct
reduction in aircraft size and weight. The key factor to the future success
of advanced alrcraft/engine systems is the integrated systems approach to
thermal management.
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LIST OF ABBREVIAT1ONS AND SYMBOLS

Aq High pressure turbine first stage uozzle inlet area
A8 Core exhaust nozzle throat area

A9 Core exhaust nozzle exit avea

A18 Bypass duct uozzle throat area

A25 Bypass duct inlet area

A/C Aircraft

Act. Actuator

Accel  Acceleration

AFBMA  Anti-Friction Bearing Manufacturers' Association
allow Allowable

Alt: Altitude

ASTM American Soclety for Testing and Materials

avail Available

B Boost pump

Bl0 Bearing fatigue life at which 90% ol a given set of bearivgs will
achieve or exceed

BOT Bulk oil]l temperature

BS lgentropic taangent bulk moedulus

Bt Isothermal tangent bulk modulus

Btu British thermal unit

Cal Calories

C&A Controls and accessories

Cent. Centrifugzal

C.G. Center of gravity

Comp. Conpressor

CONUS Continental United States
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

Cp Specific heat at constant pressure
cs Centistokes

CV Specific heat at constant volume
CVM Consumable vacuum melt

D, Dia. Diameter

DES Design

ECS Envirommental control system
E-H/M Electrohydromechanical

FPs Fluid power system

°F Degrees Fahrenheit

I Gravitational constant

GE General Electric Compuny
gm Gram

Lpm Gallons per minute

H Enthalpy

h Heat transfer coefficient
HEPO Hexaf luoropropylene epoxide
Hg Mercury

hp Horsepower

nv Heat iug value

H-X Heat -xchanger

1D Inside dianeter

LGV Inlet gulde vane

in Inchus

in2 Square inches

Avii




LIST OF ABBREVIATICNS AND SYMBOL3S (Continued)

in Cubic inches
10C Initial operational capability
4 1,000
°K Degrecs Kelvin
knts Knots
L Length
L&S Lube and Scaveage
1b Pounds
L/D Lift te drag ravio
LE Leading cdge
L Natural Logarlithm
Lr Low pressure
LVDT Linear variable differential transformer
M Mach
max Max 1num
MB Main burner
MCA LR McDonnell Alrcraft Company
MD Design Mach nuwmber |
. min Minute
' o Millimeters
. NPsp Noupositive suctloun pressure
B O/B Overboard
: ob Outslide diameter
! OWE Operating weight empty
: P Pressure regulator
P
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L1ST OF ABBREVIATIONS AND SYMBOLS (Continued)

P1 Eagine inlet total pressure

P2 Fan inlet total pressure

P3 Cowpressor discharge total pressure
P8 Core exhaust nozzle throat total pressure
P14 Bypass duct inlet total pressure
pph Pounds per hour

ves Pounds per second

PS Power setting

psf Pounds per squaxre foot

psi Pounds per square fnch

psia Pounds per square inch absolute
psid Pounds per square inch differential
psig Pounds per square inch gauge

PTO Powur take-off

PTO Freestream total pressure

PTZ Totul pressurce at cugine face

Q Heat rejeccion

q Dyunamle proesgure

° R Degrues Rankine

Ref Reference

R/ Ramjet

rpm Revolutions per mlnute

Scav Scavenge

sac second

5FC Specitic fuel consnmption
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LIST OF ABBREVIATIONS AND SYMBOLS (Continued)

SL Sea level

SLS Sea level static

Spec Specification

$ST Supersonlc transport

T Temperature

Tl Engine inlet total tempe-ature

T3 Compressor discharge total temperature

Ta digh pressure turbine firsc stage nozzle inlet total temperature
T8 Core exhaust nozzle throat total temperature

Tl& Bypass duct {inlet total temperature

TlB Bypassa duct exhaust nozzle throat total temperature

T&l High pressure turblue rotor inlet total temperature

TAl Sump pressurization alr rucl/air cooler inlel temverature
Taz Suwp pressurization air fuel/air cooler discharge temperature
TASY Sump pressurilzatior alr temperature

TBLD3 Compressor third stage bleed air temperature

Ty Titanium

T/ Turbojet

T/0 Takeot £

TOGW Tale=off gros.: welght

Turb. Turbine

Vsv Variable :tator vane

W krgine tnlet afeflow

WiR Engine inlet corrected clrflow

R4
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LIST OF ABBREVIATIONS AND SYMBOLS (Cencluded)

Compressor inlet airflow

Core exhaust nozzle airflow

Bypass duct exbaust nozzl.. airflow
Compressor inlet airflow

Alrflow

Sump pressurization air fuel/air cocler airflow
Turbojel exhaust nozzle cooling airflow
Ramjet duct main burner cooling airflow
Ramjet duct exhaust nozzle cooling airflow
Core fuel flow

Bypass duct fuel 1w

Total fuel flow

Welght

Degrees

Percent

Angle of attack

Ratio of gpeclific heats

Increment

Kinematic viscosity
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SECTION I

INTRODUCTION

Advanced interceptor systems, responsive to the anticipated Continental
United States {(CONUS) defense needs in the 1980's, are representative of a
new generation of aircraft capable of operation in the high speed elevate:
temperature enviromment. In order te provide the excellent flight performance
and adequate thermal protection systems necessary for timely aircraft introduc-
tion and mission success, several major systems and program technical issues
are currently being investigated on an exploratory and advanced davelopment
baslis. One of these key issues 1s advanced engine design and cycle definition.
As a parallel step, it becomes pertinent to address the performance and thermal
capabilities provided through use of selected fuels and lubricants, ideatify
the impact of fuel and lubricant selection on engiuna and vehicle performance,
and assess the impact of varlaticas in engine/airframe interface temperatures
and maximum fluid temperatures In the engime.

This report summarizes a two year study program performed by the General
Electric Company (GE) under Air Force Contract ¥33615-71-C-1512 entitled, Fuels
and Lubricants Influence on Turbine Engine Design and Performance (FLITE).

The objective of tlils program was to provide a measure of installed performance
capabilities for- high speed advanced turbine engine cycles as a function of
fuel and lubricant design temperature limitations and material capabilitiles.

The study approach was to match advanced engine and aircratt designs for
each of two defined mission profiles using specific fluid capabilities as a
design bascline. The resulting engine airframe designs were then modified to
exploit the advantages of candidate fluids and identify potential iImprovements.
The mission analysis included the use of two fawllies of fuels and four lubri-
cants. Results were mepasured in terms of engine welght, engine perforumance
improvement, and alrcraft take-off gross welight (TOGW) on a fixed mission
basis.

In support of the Genaral Electric Company, the McDonnell Alrcraft Company
(MCA{R) was employed as a subcontractor. Engine cycles, represeniative of
technology levels corresponding to Mach 3+ and Mach 4+ capabilitles in the 1980
time period were selected to peruit evaluation of engine performance as a
function of fuel and lubricant properties and temperature limitations.

This program fulfilled all the desired objectives and identified the
relative pevformance capabilities associated with current fuels and lubricants.
In addition, several development alternatives are jldentified to provide im-
provements 1n air defense capabilities for the next generation of advanced
manned Interceptors.




e+ e p———

gy AT ——

SECTION II

SUMMARY

This report presents the results of the two year effort on the Fuels end
Lubricants Influence on Turbine Engine Mesign and Performance Program (FLITE)
and represents the cooperation of the General Electric Company (GE) and the
McDonnell Aircraft Company (MCATR) in the determiaation of the applicable
engine and aircraft performauce criterfa. Presented herein are the results of
the Mach 3+ interceptor studies (Missiom A) a'd the Mach 4+ (Mission B)
interceptor studies.

MISSION A

The GEl6/FLITE engine was selected for usa in the Mach 3+ mission inter—
ceptors. This engine is a duct~burning turbofan with a low bypass ratio,
moderate cycle pressure ratio, and high turbine inlz2t temperature.

Fuels representing the thermal stability classes of JP-5/8 and JP~7 were
evaluated at a maximum engine/airframe fuel interface of 250° F in conjunction
with a matrix of four engine lubricants teo deteruine their effects on engine
weight and performance. These fluids and projccted temperature capabilities
are presented below:

GE16/FLITE FLUID TEMPERATURE

LIMITATIONS

Fuels Temperatures (° F)
JP~5/8 325

Jp-7 700
Lubricants

M{i1-L-27502 425

500° ¥ Ester 500
Polyphenyl Ether 575
Perfluorinated Polyether 450

The resulting engine performance and ~eights were then used to perform
the interceptors in the selected flight profile, The lightest study inter-
ceptors were obtained with the JP-7 class fuel and either the 500° F ester
or the polyphenyl ether lubricants. UHowever, the use of JF-5 resulted in a
weight penalty of only 950 1b, which when coupled with the relative cost and
avallability of JP-5/8 as compared to JP-7, provided the most practical concept.

9
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Interceptor weight varietious achieved through the use of the four
lubricants were of second order effect. The perfluorinated polyether was the
only lubricant which vesulted in a significant weight penalty of approximately
400 pounds. <The increase in weight for perfluorinated polyether results from
engine lubrication and fluid power syatem design changes to accommodate its
low bulk modulus and higl: vapor pressure. The weight differences for the
other lubricants are approximately 5C pounds, which when compared to the
70,000 pound class interceptor, cannot be congldered sufficient to select a
"best" lubricant on & Lulk temperature basis. TFinal selection would, therefore,
require detailed investigation of lubrication and hydraulic system design
variables as a function of fluild properties.

The use of fuel recirculation to the aircraft main feed tanks to prevent
engine system overtemperature cond. tions was established as a practical con-
cept. With minimum complexity invelved, this technique permits the transition
from high Mach number cruise to flight 1lle--descent without violating engiae
system fluld thermal stability criteria.

Additional interceptors were evaluated for the Mach 3+ mission to assess
the effects of higher interface temperatures and to assess the benefits of pre-
cooled fuel. By using an ambleat temperature JP-7 class fuel and increasing
the interface temperature to 350° F, sufficient fuel heat sink 1s available
to permit considernble simplicarnion of the alrcraft environmental control
system (ECS) ana elimination 5f ECS ram air. The resulting interceptor
indicates a welght savings of 260 pounds relative to the use of JP-7 at an

a

interface temperature of 250° F

Use of preruoled fuel permits additional environmental control system
simvlification throuph the eliwination of the alr cycle refrigeratlon package
and the use of a direct fuel heat sink. In conjunction with a higher fuel
density, this resuits in a 4500 1b reduction in TOGW when compared to the
JP-7, 250° F interface temperatuce interceptor.

MLSSION B

The same matrixz of fuzly oad lubricants 1s evaluated In Misslon B as In
Mission A, However, tne fuel tewperature capabilities In cue englue were io-
creased to &#753° ¥ for JP-5/8 and 1000° F for JP-7 to reflect a later prujected
Initial operational capability (ICL) datc, and the antlcipated availability
of englne vlcauing techniques and improved fuel properties. The 1000° ¥
1imit for JP-7 alzo reflacts desipn of the eagine system tc minlmize fuel
residence time ot temperature, thereby controlling total deposit formatioun.
The influence of engine:/aly®iure fuel Interface temperature on both airf--me
subsyster and englne pevformi.c: was determined for JP-5 at 150° F and 250" F
and for JP--7 ar 250° F and 0 I, The lightest study interceptor from the
matrix of fucl, lubricant, aal {vocieface combinatiors considered is obrained
with JP-7 fuel, polyphenyl ether cngine lubricant, and a 350° F fuel inter-
face temperature. Thia interzeptor Ls 2300 ib lighcer thaan the JP-5/8 fueled,
150° fuel interfacc temperature -oncept. All of the Mission B interceptors
are in the 80,000 1b class TOGW range.

o
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A trend of decreasing interceptor weight with increasing fuel interface
temperature was noted for both the JP-5/8 and JP-7 fueled concepts. This
trend indicated the benefits of maximizing the airframe “uel heat sink allot-
ment .elative to that of the engine within the particular engine inlet tempera-
ture limitations. The cngine Inlet temperature limitations would be based on
engine fuel pump inlet requivements, material temperature limitations, and
lubricant/hydraulic fluid constraints.

Lubricant selection was of second order eftect for Mission B, Perfluori-
nated polyetner was the only lubricant which resulted 1. significant interceptor
we'lght penalties (approximately 1200 lb). The engine fuel recircula~ion concept
was also effectively applied during the Fflight idle-descent phases of Mission
B.

Additioral Mission B evaluations were parforu~d to evaluate the effects
of (1) using precooled fuel and (2) cooling engine iniet strucrure using the
{vel heat sink. Precocled fuel provices significant reductions in ECS weight.
Ir conjunction with increased fuel density, this results in 2 TOGW reduction
of 3000 1b when compared to the lightest ambient fueled czonfiguration. This
illustrates the benefits which may be obtained through the use of precooled
fuel. Cooling the engine inlet structurcec would have significant impact on
inlet weight 1if a conventional high temperature structural material were used
In its fabrication.

Mach 34 and Mach 44 class systems are attainable with current fuel and
lubricant state of the art using the advanced engine technology noted herein.
Use of alfrplane size and weight as a iipure of merit for fixed mission per-
formance indicates that lubricant selection effects are second order as com-
pared to the fuel selection and variatione in allowable fuel temperature.
Significant reductions in ECS weight and complexity can be realized by allow-
ing higher engine/airframe fuel iuterface temperatures, thereby providiag more
efficient tbermal management of fuel heat sink.

A JP-5/8 class of fuel is recommended for the Mach 3+ interceptor and a
JP-7 class of fuel is recommended for the Mach 4+ interceptor. No specific
lubricant recommendations can be made on the bisis of the welght sensitivities.
Lubricant selection is more appropriately based on a wider view of celative
operational service 1live and cleaning/recycle 1equirements attendant to a
specific engine design.

The results noted above can also be apnlied to near term operational
systems, Higher environmental and secondary cocling loads associated with
advanced avionics and control techiiolegies, comb’ned with inproved engine
efficiencies ard lower fuel flows for evolving Air Force weapon systems, draws
attention to fuel thermal stress limits. The priaary factor is heat addition
ner pound of fuel, as exemplified by current specification limits for engine
airframe interface fuel temper:tures. It s recomended that the inst:lled
performance trends and heat sink utilizatiou payoffs noted herein be 1.avesti-
sated In the contcxt of near term systems application for potential modifica-
tion of specification design linits.
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£ SECTION III
BASELINE DEFINITIONS

A, Interceptor Sizing and Performance

In order to determine interceptor design and performance characteristics
for the FLITE program, init{ial sizing studies were performed for the Mach 3+
and Mach 4+ systems. This allowed determination of initial aircraft and en-
gine size envelopes for design comparisons, and enabled determination of
acceleration/climb, crv'se, and idle descent characteristics.

Interceptce:- mission performance goals and sizing parameters were based on
capable manned interceptor respunse to a projected CONUS threat in the 1980's,
Key elements of the mission from an interceptor design standpoint were rapid
acceleration, supersonic cruise, and extended mission radius. The interaction
of the threat characteristics, CONUS early warning and advanced interceptor
ccpability enabled definition of the mission profiles. This, in turn, provided
a rational approach to the dete:wination of desired aivcraft mission perfor-
mance and sizing characteristics. The svstems thus eztablished were used as a
basis for detcrmination of subsequent perf{ormance .ocnsitivities wing specific
engine and subsystems data generated from the fuel and lubricant study wmatrix.

B, MISSION A BASELINE

B.1 Engine Design

General Description

The GE16/FLTTE-1A is a duct-burning turbofan engince and represents an
advanced eagine embodying technology of the carly 1980 time period. The basic
engine Is sized for 277 pps corrected alr flow at sea level statice, standard
day conditions at the maximum engine power setting (26,160 Ih thrust).

A cross section of the enpine is shown ian Figure 1. This engine ls a
low bypass ratio, moderate cycle pressure ratlo engine and features high
turbine inlet temperature. The core consists of a multistage compresscr driven
by a single stage turbine. The low pressure system consists of a two-stage
fan and a two-stage turblae. The fan design incorporates variable iulet guiue
vanes to provide good efficicncy and stability characteristics throughout the
operating regime. The duct burner is a two stapge design capable of fucl aup-
mentation of the fan stream. It 1s steped to yield high efficiency for the
medium augmentation range. The exhaust rozzle is selected to reduce the after-
body drag of the larpe diameter duct~burning enpginc, bheing sized to yield the
highest possible ratio of exIt to maximum engine diameter, resitlting in a low
boattail argle and projected afterbody area. The exhaust nozzle was also
designed for good overall performance with spvecial emphasls on subsonic cruise,
transunic acceleration, and supersonic cruise. It {s a confluent flow desigu
with a fixed core throat area and a variable duct {low throat. A cvliandrical
shbroud provides the requlred internal exit area variation. At low nozzle
pressure ratios the shroud {s retracted, being translated aft as pressure
ratio increases.
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The engine ourline drawing is <resented in Filgure 2. The estimated
rmaximum dry weight of the GE16/FLITE-1A engine is 3200 pounds. Thls weight
represents the complete engine in that all of the items normally vequired for
handling, installztion, operation, and monltoring of the engine are included.
The quoted weight also includes the following specific installation features:

0 Selt~contained oll tank including remote filling, Intercal coolers,
and o1l level indication

o] Engine fuel and power control system
0 Fan fnlet gulde vane anti-icing
o Accussory :earbox wounted on the fan frame with power takeoff to

drive alvcraft-mounted accessories

The design speed (1007) of the core fs 13,300 wvpm while the desipgn speed
of the low pressure gysten is ¥,680 rpa.

For scaling purpuses for use in alrevaft glzing thruet, and Fucl flow
vary directly with air tflow while rotor specds scale inversely with the sguare
root of airflow. Welght, lenpgth, and diameter can be scaled between =20 per-
cent and +30 pevcent of the sea leve' static maximum alrflow with the follow=
ing equations:

Way L2

2 = h’Ll ('"‘ ) (l)

Wt N;]T

My, 0.5

) = e )]
Dy by (Wal) (2)

L, = L, (-} (3)

Fuel belivery System

The GELO/FLITE-IA bazeline (luid system schematic Lg shown fu Filoure 3.

Thls system congists of the fuel delivery svstem coupled Shvouph heat exchangovs

tu the lubricarion and 1luld power systems,

The fucl delfvery system receives fuel frem the alreraft fuel tank boost
pumps av. between 15 and 40 psia depending upon altitude. 7The engine fuel
pumps then increase the fuel pressure to a level suifdicient to overcome all
system pressure losses and to inject the fuel fnto the engine combustors. The
high pressure {uel is also utilized as the hydraulic power gource for the
statoy actuators used to pusition the varishle stators.
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The electronic control provides the schedules for the variable stator
positions and the metered fuel flow to the engine. Du.ing steady state
operation conditions, the control system meters fuel flow to the engine com-
bustors by means of an integratiug speed control in order to maintain precis.
engine speed., During transient operation, engine fuel flow is limited Ly
acceleration and deceleration fuel flow schedules to pravent overtoemperature,
overspeed or burner blowout. The fuel control system also incorporates over-
rides for cngiue proteccion, including core rotor speed and turbine blade
tuemperature.

The engine fuel is the prime source of heat yink for cooling cngine and
alreratt components. In the engine the tuel is used to vool the control
alternator, the electronic computer, the boost pump and che main fuei pumps.

In addition, th: fucl absorbs the heust generated In the lubrication and tluid
power systems and the heat absorbed trom the system environment. Since these
heat sink requirements strain the fuel heuat abucovption capacity over portions
of the mission profile, it was an objective of this pregram to specify the fucl
delivery system components dround a wlniwmum heat guneration criterfou.

The throttliug type fucl control was solected because of its high efficiency
and low thermal input to the fuel. The fuel flew control system functions by
throtthing the flow and maintaining a fised back pressure on the centrilfugal
vump.  The cenmvrifugal boost pump pruvidis small size and weight and proven
reliability., This low speed vump can operate at low iluput prussures trom the
alrcralt boost pump without cavitation, and is capable ot Lupplying sut*icient
pressure to prevent cavitation in the main high pressurve pumps. The regeuera-
tive pump has the ability to supply relatively high pressure {uel at low shatt
speeds and fuel flows during engine starts. The regenevative pump is light-
welght and can be flow regulated by throttling. The fuel delivery system is
desippad to utilize the regenerative pump only during engine starts. As
cnpine speed approaches {dle, the shuttered cenlritugal pump takus over with
the dvlet to the rey :nerative pump being shut oft and the pump cawdng drained.

The shuttered centrifugal pump was sclected because of ity broad flow
turn down ratie., A flow turndown ratio of at least 150:1 is possible with a
shuttered centrifupgal pump. Since the major cwatributer to the use of the
fuel heat sink in the fuel delivery system Ls thue main fuel pump, utilization
uf the shuttered centrifugal pamp design prevents excessive thermal stressing
of the fuel durlng the return cruilge portion of the mission. Clouing of “he
shutter at low fuel {lows prevents recirculation {n the pump and as a result
significantly reduces the power losses. Filgure & shows the pump characteristics
of the OE16/VLITE-1A main fuel pump. By closing the shutier at flow ratus
below approximately 10 percent of the muximum fuel flow, the major portion of
the return leg of the mission 1s spent dn ¢ losed shurter operation. Figure 5
shows the varfatfon in the fuel temperature at the core engine nozzles ior
open and closed ghutter operation and indicates the reduction in fuel tempera-
ture achieved by closing the shutter,

10
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Thermal insulation is utilized on all fuel delivery system fluid lines
exposed to the engine environment. The insulation wes selected to provide the
maximum temperature reduction based on location of fluid line in the environ-
ment. For maximum altitude and Mach number, the insulation design selected
results in approximately an 18° F temperature rise due to environmental heating
at the most remote fuel nozzle. This is about one quarter of the temperatuce
rise which would occur with no thermal insulation. This protection is provided
at the penalty of a fuel delivery system weight increase of approximateiy 8.5
pounds.

The critical cooling region for the engine systems occurs during idle
descent where the engine fuel inlet temperature reaches a maximum of 200° F.
This 200° F fuel inlet temperature, along with the engine heat sink require-
ments, would produce severe overtemperature conditions in the fuel during idle
descent and some provisions for additional heat sink capacity are required.

The means chosen to provide additional heat sink capacity was the addition
of a fuel recirculatica system from the engine fuel control to the aircraft
fuel tank. This recirculation system required a modification to the main
engine fuel control which involves an additional contrel function to reroute
a specific amount of the total inlet fuel flow to the aircraft fuel tanks at
the initiation of idle descent. The initiation of the recirculation fuel flow
is a function of throttle angle and fuel temperature level at the engine fuel
control. At idle throttle angle positions and when the fuel temperature reaches
300° F, the recirculation system is activated and a portion of the inlet fuel
flow is rerouted through a fixed orifice in the engine fuel control to the
aircraft fuel tanks. The incorporation of this recirculatio- system results
in a weight penalty of approximately 3 1b to the engine fuel system.

Engine Lubrication System

A sump area layout for the GE16/FLITE-1A engine is presented in Figure 6
and the lubrication system schematic is shown in Figure 7.

0il is supplied to the inlet of the lubricant supply element by gravity
feed from the oil tank, O0il under prc=sure is then su--~lied by the pump to
the supply fiiter, which serves to protect the oil jets from contan..ation.
This filter is equipped with a bypass pressure relief valve which opens at a
predetermined pressure differential ard allows full oil flow *o continue «» be
supplied to the engine should the filter become plugged. Oil supply pressure
to the engine is limited during cold starts by a pressure relief valve which
will bypass oil directly to the gearbox if the supply pressure exceeds a
preset value. At all pressures less than this value, the entire output from
the filter is directed to the engine supply system. A static anti-leak check
valve is provided to 1limit leakage from the tank to the engine to an accept-
able level during or after engine shutdown.

A total of 13.5 gpm of oil is supplied to three areas of the engine; the

forward or "A" sump, the aft or "B" sump, and the accessory gearbox. The "A"
sump is supplied through a pipe in a fan frame strut. The "B" sump is supplied
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by a pipe through a strut in the front frame, the oil being routed through a
rotating tube inside the low pressure shaft to the "B" sump where it is centri-
fugally fed to the bearings. A carbon seal is used to limit olfl leakage be~
tween the stationary and rotating portions of the oil line. Any oil loss from
this seal drains into the "A'" sump. The engine oil flow quantity has been
sized to provide adequate lubricati.n of the bearings, gear meshes, ~nd splines

and te cool all the system components. The distribution of flow for the base-
line engine 1s shown in Table T,

The "A" sump/inlet gearbox area 1is scavenged by gravity through the PTO
shaft housing to the accessory gearbox. The accessory gearbox is scavenged
by a single scavenge pump element and the oil is then routed to the scavenge
filter. The scavenge fllter contains a bypass valve which allows the oil to
bypass the filter elemeut if 1t becomes plugped by contamination.

Table 1.
GE16/FLITE-1A Lubrication System
Design 01l Flow Distribution

Design Flow

Lomponent —Lgpm)
HAII Sump 6 ) 65
Inlet Gearbox 0.85
“B" Sump 3.65
Accessory Gearbox 2.35
Total Supply 13.50
Total Scavenge Capacity 27.00

The oil is then piped to the {fuel/oil heat exchanger where the heat
generated by the engine 1s transferred to the fuel. TFrom the heat exchanger,
the oil is returned to the tank. The "B" suwmp is scavenged by a disk pump
driven off the low pressure rotor. This pump bas a tangential collector in
the stationary pump wall to recover a portion of the velocity heau. The
scavenge oil [s then piped inward to the engine centerline and lischarped into
a4 rotating scavenge tube which pumps the oll forward to the "A" sump by
centrifugal force.

Pressurization air 1s required to maintain positive flow dcrouss the main
shaft o0il geals Into the suwps at all operating conditions. If air is allowed
to flow out of a sump through an oil seal, some o1{1 will be carrvied with it.
This oll leakage must be eliminated In ordev to prevent excessive oll consump-
tion, contamination of the compressor biced air and possivle fire hazard,

The pressurization alr mustl simultaneously be at a high enough pressure to
isolate the sumps from hot cycle air and at low enouagh pressure and tempera-
ture to provide the life required for the oil seals.
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The Number 1 oil seal is pressurized with fan discharge hub bleed air.
Pressurization air for the Nurber 2 oil seal is extracted from the compressor
at the second-stage rotor discharge hub. The air flows through the rotor and
radially inward through a paddle-wheel inducer. A portion of the air is then
directed forward inside the compressor air tube to the Number 2 seal pressuri-
zation cavity. The remaining air is directed aft inside the air tube for use
in cooling the compressor drum and high pressure turbiae forward shaft. The
Number 3 ard Number 4 oil seal pressurization air is extracted from the compressor
at the third-stage exit tip. This air is cooled in a fuel/air heat exchanger
and then piped to the Number 4 oil seal pressurization cavity through a strut
in the turbine frame. A portion of the air flows through holes in the low
pressure turbine stub shaft to pressurize the Number 3 oil seal.

The oil tank is vented to the accessory gearbox. The vent line contains
a tank pressurization valve which maintains the tank pressure above sump vent
pressure., The increased tank pressure is provided to pressurize the supply
pump inlet and to reduce the variation in oil supplv quantity to the engine
under varying flight conditions. The air flow through this valve is sufficient
to maintain tank pressure at altitude. The accessory gearbox is vented to
the "A" sump through the hollow PTO shaft. The "A" sump is vented aft through
the intershaft space between the high pressure and low pressure rotor shafts
and the "-" sump is vented forward through the same intershaft space. The
centrifugal field in the gap between the two rotating shafts allows this space
to be used effectively as an air/oil separator, with the separated oil being
returned to the sump cavities. Midway between the sumps, the vent air flows
inward through holes in the low pressure rotor shaft and forward inside the
shaft, being piped overboard to ambient pressure through a strut in the front
frame. The overboard vent line contains a sump pressurization valve to
assure adequate pressure in the sumps for scavenging at altitude.

The accessory drive train was defined based on controls and accessories
component power requirements and accessory sizes. Accessory power is taken
directly from the high pressure rotor through a set of bevel gears (inlet
gearbox) as shown in the sump area layout, Figure 6. Power is transmitted
by a radial drive shaft to the accessory gearbox located at the 6 o'clock
position on the engine frame. A set of bevel gears is used in the accessory
gearbox so that the accessory drives can be mounted parailel to the engine
centerline in order to obtain a minimum envelope. Spur gears are used in the
remainder of the gearbox. Each gearshaft is supported by a ball and a roller
bearing. Carbon face seals with bellows secondary seals are bolted into the
gearbox housing to prevent leakage between gearbox oil and each accessory.

Super nitraloy was selected as the material for all of the gears with a
minimum design gear life of 36,000 hours. The bearing material is CVM-M30
tool steel with the bearings being sized to give an AFBMA Bjg life of 8,000
hours. The gearbox housing is manuractured from investment cast 17-4 PH stain-
less steel and its useful life without repair is designed to be 36,000 hours.
A layout of the GE16/FLITE-1A accessory gearbox is presented in Figure 8.
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Fluid Power Systenm

The GE16/FLITE-1A baseline fluid power gystem ig shown In Figure 9. The
fluid power system is utilized to actuate the variable fan duct (A;g) and
exhaust (Ag) nnzzles and consists of the following mejor components:

The engine electronic control provides the position schedules for the
fan duct and exhaust nozzles. Linear variable differential transformers
(LVDT) provide an electrical signal to the electronic control for positioa
feedback,

The integral lube-hydraulic tank was selected primarily because of the
weight saving and the reduction in envelope requirements over two separate
reservoirs., This integration also offers some flexibility in that oil from
one system can be utilized in the other system.

The unitized pump package consists of a centrifugal pump, a vane pump,
and two high pressure servo pumps. This arrangement permits a weight saving
and offers the simplification of driviug four pumping elements from a common
shaft. The centrifvgal pump supplies the low pressure awake-up and cocling
flows for the vane pump and the high pressure output lines of the servo pumps.
The ceutrifugrl pump also supplies cooling flow to the low pressure lines in
the two hydraulic systems. TFixed orifices in the shuttle valves provide cool-
ing flow regulation from the low pressure centrifugal pump. The small vane
pump has a positive displacement characteristic and provides the required
pressure for position control to the two reversible high pressure servo pumps.
The high pressure servo pumps produce minlmum heat generation in the fan duct

and exhaust noizle position controls dand were selected primarily for this reason.

These pumps produce variagble, Lidircctional flows as a function of the electri-
cal signal to the servo valves from thu electronic control. %he pumps produce
only that flow and pressure required to position the load. During steady-state
lozd coaditions when the nozzles arve fixed, the only heat Ingses are from the
relatively small cooling flows and mﬂcuanical losses.

The rotary drive actuaticn iz necessary for the exhaust nozzle syst
because of the long 22-inch stroke, the low load, and the 5 sccond autuatiou
time requirements. These requirements hsve been satisfactorily met with the
rotary drive systam with a significant weight saving. A linear hydraulic
actuation 1s utifized for the fan duct nczzle system because of the short 2.5
inch stiroke, the high load, and the 2 second actuation time requirements.

The fuel/bydraul . heat exchanger is required duriug high hydraulic power
utilizatlon to reuove thL Teat generated within the hydraulic svstem and thus
maintain the hydraulic oll temperature within acceptable levels.

The fluld power system for the GE16/FLITE-1A ig characterized by the fact
that envirommental heating tends to be (he major contributing factor to the
heat rejected to the Juel, The system was desigaed to uirianize the environ-
mental heating L'y judicicus use of external insulation an. by the Jdetermination
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of the required cooling flows for steady-state operation to produce a low
heat rejection system. The design point heat rejection for the GELl6/FLITE-1A
fluid power system is approximately 400 Btu/min, or about one-tenth of the
levels produce in the lubrfcatlion system and by the main fuel pumw. Thermal
ingulation is utilized on all fluid power system components and fluid lines
exposed to the engine envirorment. For maximum gltitude and Mach number the
uge of insulation results in appraximately 50° F temperaturs rise from the
discharge of the hydraulic pump through the lines and actuators and return
lines to the hydraulic heat exchanger. This tempersture rise is approximately
one-tenth of the rise which would result with ne insulation. In comparison,
the Integral hydraulic pump fluid temperature rise 1is approximstely 33° F at
this same flight condition. The weight of the insulation used iIn the fluid
power system is about 4 pounds.

B.2 Ingine Performance

The estimated performance for the GE16/FLITE-1A engine was calculated with
an electronic data processing deck. The performance is based on the following
conditions:

1962 U.S. standard atmosphere

MCAIR inlet ram recovery

JP-5 fuel at 59° T with a fuel lower heating valum of 18,500 Btu/lb
Zero customer bleed air and horsepower extractlon

Variable area duct nozzle, fixed area corc nozzle (internal perior-
mance only)

0 0 o0oco

Pertinent sea level statlc take-off cycle characteristics of the engine
are given in Table II.

Table II. GE16/FL1TE-1A Engine Cycle Characteristics
100% Yugine Sea Lev -l Static Takeoff.

Total Corrected Alrflow 277 pps

Fan Pressure Ratio 2.313
Overall Pressuve Rarlo 11.95
Bypasas Ratio 1.23

Total Thrust (uninstalled) 26,160 1b
Specific Fuel Consumption 1.96 ppli/lb

B.3 Thermal Analysis

The GL16/FLITE~1A fluid system schematic is shown in Figure 10. This
system is composed of the fuel delivery system coupled through heat exchangers
to the lubrication and fluid power systems, The desigr details of each of
these three component sysrens have bren discussed in paragraph B.1.
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Since it was a purpose of this program to investigate the use of available
heat sink, a prime objective was the creation of a mathematical heat balance
model that accurately simulated on a digital computer the steady-state perfor-
mance of the engine fluid system. This was accomplished with the GE16 thermal
model, a computer program capable of analytically flying the mission for the
baseline and subsequent Study 1, Study 2, and Study 3 engine designs.

Each of the heat producing elements of the engine fluid system was
described in equation form. As the heat generation terms are functions of
engine operating conditions, creating enthalpy balances for the fuel delivery,
fluid power and lubrication systems necessitated simultaneous temperature
dependent flow and pressure balances as well. All the fluid properties were
assumed to be temperature dependent while the program output consisted of the
complete fluid system temperature, pressure and flow profiles for a steady-state
operating point.

Figure 11 shows the fluid system thermal profiles generated for the base-
line engine during the mission. Indicated are the mission histories of the
inlet fuel temperature, core nozzle fuel temperature, lubrication system supply
and scavenge temperatures, and fluid power system supply and scavenge tempera-
tures. The muximum permissible engine inlet fuel temperature of 200° F for the
baseline configuration is reached during the idle-descent portion of the
mission.

After the initial acceleration, the cruise-out phase occupies the next
segment of the mission. The significant reduction in engine fuel flow from
maximum to cruise power setting produces a sharp rise in the lubrication and
fluid power system fluid temperatures. With the increasing altitude Auring
cruise-out, the fuel flow decreases further, causing the gradual rise in the
system temperatures shown in Figure 11. The application of maximum power during
combat and turn produces momentary reductions in the fluid system operating
temperatures, but with the beginning of return-cruise, the engine fuel flows
again decrease and produce elevated temperature operation. It is during this
portion of the mission that the shuttered centrifugal pump is beneficial. The
change in slope of the fuel temperature profiles indicates the closing of the
shutter, resulting in significantly lower power losses for the low fuel flows.
The use of the shuttered device permits a reduction in the consumption of fuel
heat sink during those portions of the mission where it is severely limited.

At the end of the return-cruise mission phase, the lubrication and fluid power
system supply temperatures reach their maximum permissible levels of 400° F.
With the initiation of idle~descent and with no further compensating action
taken, the nozzle fuel temperatures would reach about 450° F at the beginning
of the d- .cent and would remain over 325° F for four minutes. The lubrication
and fluia power system supply temperatures would also rise to about a 580° F
maximum during this time period. To prevent these overtemperature conditions,
a fuel recirculation system was incorporated to increase the fuel flow during
this critical mission phase. This system is regulated by the main fuel control
and allows an additicnal 3,000 pph of fuel to be recirculated to the aircraft
main feed tanks. With this system in operation, the end of the return-cruise
portion of the missici becomes the point of maximum system temperature operation.
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B.4 Interceptor Deailgn Characteristica

The Mission A PLITE interceptors were degigned to a technology level
compatible with an antfcipated initial operational capability (IOC) date of
1983, The prlmary design characteristice are presented in the following
paragraphs.

This laterceptor, illustrated in Figure 12 has a Mach 3+ cruise capability.
The interceptor is in the 70,000 1b TOGW class with a wing area of 1,070 £t
and a fuel fraction of 0.50. The configuration is a two place (tandem) delta
wing design with 75° swept leading edges and muvable wing tips for lateral
(roll) and longitudinal (pitch) control., Twin vertical surfaces provide the
directions (yaw) countrol.

Propulsiou is provided by the twin GEL6/FLITE engines fed by two free-
stream mounted, horizontal ramp, mixed compression inlets. Engine integrativn
includes the sizing of an annular bypasn plenum dischargiug bypass air aft
during idle flight conditions ar an angle of 15° with respect to tha freestrean
alrflow.

The aircruft structural concept cousists of hot load carrying structure
and the maximum use of metal and resin watrix composite materials projected
comp.itible with a 1983 technology base.

Cabio and equipment environmental cooling 1s provided by a fuel augmented
als ecycle environmental control system. Thermal pretection 1s provided in
cockplt and cquipment bay areas to limit internal temperatures.

Tae nose cross-sectional radius and radome fineness ratio have beet
duetermived by the requirements of a 36 inch, wodified phasad array AWG-Y radar.
Adrcvaft armament is Integrated in such a manner to praserve the fuselage
fineness vith a nix of eight long range and short range air intercept wmissiles
carried duternally on a votating drum. Access for loading is provided {rom
rhe caderside while firing is accomplished out the top to avoid shock inter-
ference wlih the engine Inlets.

.5 Weilgnt Fstimation Techniques

Structural welghts are determined by conventional MCAIR estimation tech-
niques; which include evaluation of the specific design and reference to
statfstical vorms for component aud waterial welghts. Materiuls for the
srructural componnuts are chosen to reflect current and projected material
development effort compatible with I0C dates from the mid to late 1980's.
Engine welghts are based on engine weight scaling data provided by GE.

Weights for primary structure are based on applicaticn of a 3.5 g limit
load factor at une basic flight desisu gross weight. Welght is allocated for
the wing, 2 d.ita planforun with rotatlag horlzontal tips, twin vertical tails,
and inlets uslng hot load carrying structure. Wing tip (control surfaces)
weights arc included with the basic wing. Welghts for minlmum gauge fuselage
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covering and frames are designed for a 2,000 psf dynamic pressuve environment,
Longerons and stringers, including local supports to react the air loads, are
weighed as a function of the fuselage bending moment, maximum depth, and body
width. Fuselage weights also include the insulation requived to protect

. selected cowpartment areas. Landing pear welght 1s baced on the 2.0 g taxi
load at waxlmum design pross welght, Alr induction system weights are based
on an ultimate duct pressure of 105 psi, and include insulation between the
duct wall and fuel cell.

Metal and resin matrix composite materials are used where possible to
provide maximum structural efticiency. This includes extensiwe application

to the primary wing structure, tails, fuselage, and alr induction groups.

B.6 Propulsion System Performance

N The propulsion system tor the Mission A vebicle cousists o1 the GE16/

’ FLITE duct burning turbofan and nozzle matched to a mixed compression ianlet.
Engine varlatlovs for the fuel and lubricant combinations investigated in the
mission are presceonted in Scetion IV,

GE16/FLITL Enyine and Nozzle — The GE16/FLITE-1A duct burning engine,
{llustrated in Figure 13 has a thrust rationg of 26,160 1b, an alrt’ow of 227
pPps, a bypass ratlo of 1.23, o cvele pressure ratio of 11.95, aud a maximum
turbine inlet temperature. Pertormance rating data for the reference engine
are included in Figure 13, The scallng curves used to obtaln the physical
3 characteristics of an englne larger or smaller than the refcerence engine are
presented o Figure 14,

The core cousists ol a nultistage compressor driven by a single stuge
hiph prussure turbiue.  The low pressure spool consists of a two-stage Lan
and two-stape turb.ne, with the tan design iacerporaticg variable inlet puide
vanes. Reduced power can be obtalned by either modulating the duct burner or
the core enpgiue fucel tlow. Tue nogegle s a counnular convergent-divergent
desig with o fixed core throat area and a varfable fan duct throat area. A
cylindrical shrond is translated relative tu the exhaust nozzle plug Lo
provide the 1 cired variat ion in fan duct exhaust expansion area ratio.

Alr Ind. L System Performance - The alreraft uses a tvo-dimensional
0 mixed compres inlet desipn with two horfzontal external compression ramps.
] The first ext compression runp is set at fixed anpgle.
i The secod v ic hinged relative to the first ramp, and is scheduled

as a function of i sht Mach number. The shock structure at the design point
consists of two obligque shocks from the external remps, a serles ol refleet-
ing {nternal oblique shocks which form a shock train, and a tevwminal normal
shock. The obligque shucks decelerate the afrflow to a throat Mach number of
1.2. Downstream of the throat, the tlow 1s capanded to a Jocal Mach number
of 1.35 where the terminal normal shock is locared. 7The flow is then decele-
rated subsonically to the enpine Jace. The Tenpth of the subsonfe diffuser
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Fr (SLS) ib) 26,160
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Weight* {ib) 3,200
Length {m.) 130.8
Omax () 58.8
(o]} (i) 420
Program Vanables
Fuel 5
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lines joining the throat exit with the enc'ne compressor face not excead

9°, A bypass system is included in the design for inlet and engine airflow
matching. The inlet operates in an external compression mode fram Mach 0 to
1.8 and in a mixed compression (external and internal) mode from Mach 1.8 to
d-s8ign Mach number.

B.7 Thermodynamic Characteristics

Degign Temperatures - Maximum external surface temperatures were deter-
mined for the migsion coufiguration to assigt in the selection of airframe
structural materials and determinc thermal protection requiremenis. These
temperatures, shown in Figure 15, represeat the moust sevare tharmal environ-
ments for the upper and lower surfaces.

The temperatures are based on aerodynumic heating effects using Spalding -
Chiflat plate theory. Control surface deflections and shock wave induced inter-
ference heating are not consldered.

Thermal Protection - Since the primary structure of the Interceptor is
designed to withstand the high temperature environment, numerous interunl
compartments require thermal protection via insulation. The insulation is
sized to minimize the weight penalty bused on a maximum sidewall temperature
of 105° for the cockpit and a maximuwm internal temperature of 275° F for
avionics compartmentys, wheel wells, and th. missile bay. 1lusulation require-
ments for fuselage volume while limiting the fuel Lemperature rise to 20° ¥,
Wing fuel tanks are provided sufficieant ingulation to prevent deposit feormation
resulting from breakdown of residual fuel. These thermal prouection provisious
are accounted for in the weilght estimations presented earlier,

Airframe Heat lLoads - Alrtrame heat loads which are absorbed by the fuel
before delivery to the engines are summarized in Table 1Tl as a function of
misgion phase, Hydrauvlic and clectrical system heat loads are based on system
power provisious ranging from 70 te 272 horgepower. Hydraulic heat loads
include heat generated due to pump inefficiencles and enviromnmental heating
of actuators and lines. lieat loads resulting from generation of electricail
power are assuwed to be counstant throughout the mission. Boost pump heat
rejection to the fuel (both delivered fuel and stored fuel) 1is based on pump
duty cycles which minimize fuel hecting. The ECS heat rejoection to the fuel
regults from the uwse of fuel to augment ram air as a heat sink for the ECS.

Environmental Control System - The Mission A bootstrap air cycle ¥CS,
shown in Tigure 16 uses engine bleed air for cockpit pressuvization and
avioulces coullng, This system, which 13 similar to those inztalled in existing
alrcraft, is modificd for the m!ssion application to include a fucl-to-ailr
heat exchany,~r located upatrean »f the ECS refrigerationpackage turbine and a
boost compressor upstream of the primary heat exchanger. Use of fucl to aug-
ment ram air as a heat gink redr:ces ECS turbine inlet temperatures thercby
reducing turbomachinery work requiremeats, and also ram air system Induced
aircraft penalties. When engine fuel demands are small (such as during descent),
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\ Table [1I. Migssion A Tnterceptor Summary
s of Heat Loads to Fuel,

heat Load {Btu/min)
Yuvironmental Hydraulic Electrical Boust i
Mission Phase Control System Svstem System Pumps 1
. Takeoff 0 2,380 470 134 (a)
%‘ Start of Cruise 11,469 2,860 470 86 (a)
~ Combat 11,400 3,045 470 67 (1)
' End of Cruise 11,400 3,230 470 83 (a)
. Descent to 40K ft ‘
(a) After 1 min 7,500 3,126 470 46 (b)
(b) After 2 min 4,400 3,072 476 48 (b)
{c) After 3 min 2,600 2,918 470 53 (b)
(d) After 4 min 1,300 2,814 470 595 (b)
(e) After 5 min 0 2,710 470 57 (b) :
Loiter at 40K ft 0 2, 380 470 101 (¢) 3
2 Descent to S.L. 0 2,380 470 65 (b) g
? (a) To dellvered fuel, ﬁ
. (b) Small fraction to dellvered tuel, remainder to tansk. 1
. (¢) Small fraction to dellvered fuel, remainder Jost to environment, 1
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it is necassary to circulate excess fuel to absorb the alrframe heat loads to
remain helow the maximum allowable engine/airframe fuel interface temperaturc.
The boost compressor is included to supplement engine bleed pressure duriug
mission phases (such as degcent) where available pressure is not adequate to
provide acceptable environmental pressurizatlion.

c. MISSION B BASELINE

C.1 Engine Derign

General Description

The powerplaut {or the Mission B baseline intelrceptor is the GEL4/FLITE-2A
engine. This eungine is a variable cycle turboramjet and ronresents an advanced
engine incorporating technology of the late 1980 ttue perilod.

Fuel Delivery Svstem

The GE14/FLITL-2A Laseline fluid system schematic is showa in Figure 17.
The system consists of the fuel delivery system coupled through the fuel/eil
and fuel/hydraulic heat exchangers to the lubrication and fluild power systems,
respectively.

The fuel delivery system receives fuel from the airceraft fuel tank boost
pumps at between 15 and 40 psia depending upon altitude. The engine fucl
pumps Iipcrease the fuel pressure sufficlently to overcome all system pressure
losses and inject fvel 1ato the engine combustore,

The electronic control provides the schedules for the metered fuel flow
to the three burner systems. This control transmits a posicion signal to the
torque motors in the main fuel control to position the fuel metering valve. .
Linear variable~differential transformers, located in the fuel control proviie
the feedback positiun to the electronic control. The fuel flow schedulus to
the core engine combustor, the ram-duct pre-burner and the vam-duct main burner
are functions of altitude and Mach number.

Tnermal analysls of the fluld systems over Misslon B shows that the critical
phase for fuel heat sink utilization 1s during the ramjet idle-descent. DUluring
this mission phase, reclrculation to the aircraft main feed tank is utrilizea to
maintain system fluld temperatures within acceptable limits. 7The recircalation
system for the GE14/FLITE-2A eungine is similar to the system usad for the
GELG/FLITE-1A engiluc. An additional countrol function is provided in the wain
ruel controi which reroutes a specific amount of the total inlet fuel flow to the
aircraft main feed tank av the b._ -ning of the ramjet idle-descent. The lanitia-
tion of the recirculation fuel flow §3 a function of throttle angle a2nd fuel
temperature level at the engine fuel control. At i1dle throttle angle pesitions
and when the fuel temp=ratule reaches approximately 300° ¥, the recirculation
system i1s activated and ¢ portion of the inlet fuel flow is routed through a
fixed orifice in the engine fuel control to the aircraft fuel tanks.
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The engilne fuel is the wajor source of heat sink for cooling engiue and
aircraft components, In the engine fluild system, the fuel 1s used Lo cool the
control alternator, electronic computer, boost pump and main fuel pumps. In
addition, the fuel absorbs the heat generated in the lubrication and fluid
power systems, the heat flow from the eavironment, and cools the sump pressuriza-
tion and cooling air. With the many demands upon the fuel heat sink and 1its
mar ginal capacity durlng portions of the mission, it was fmportant that the
tfuel delfvery gystem componcnts be selected with minimum heat generatlon beilug
the primary concer-,

In addition to its low thermal input to the fuel, the throtrling type fuel
control was selected because of 1its high efficdency. During eagine start ing
and acceleration to idie, the conirol utilizes fuel flow from the variable
displacement vane pump. A pressurizing valve in the core engine supply is
required during these low flow conditious to provide adequate back pressure
for the fuel control serve functlons. Yor high fuel flow conditions, the fuel
cortrol system operates by throttling the flow and maintalnlng a fixed back
pressure on the centrifugal pumnp.

The engine fuel delivery pump package couslsts of a total {low centrifugal
boost pump, a varlable displacement vane pump and a shuttared centrifugal pump.
The boost pump provides small size and welght and proven reliabllity. This
low spred ceutrifugal pump can operate at low input pressures from the aircratft
boust rump withont cavivation, and is capable of supplying sufficient pressure
to prevent cavlitotlon In the Ligh pressure pumps. The variable displacement
vane pump exhiiblis overall high efficlency over 1ts flow range. This punp
is always in operavion, being the sole source of supply Lo the core engine
during startup snd acceleration to idle and participating with the other
pumps= Lo supply fuel to the eopgine during othier flight condltlions. Durlug
certain operating conditions when the engine 1s at flight 1dle power setting,
the total fucl {flow can be provided by the variuable displacement vauwe pump.
This allows thts high efficdiency pump to be utilized durlng low fuel flow
coudttions when heat slnk requirements are eritical. Since the primary user
ot the fuel heat sink in the tuel deldvery system is the Llgh flow main fucl
pump, utllization of the shuttered centrifugal pump design prevents excesslve
thermil stressing of the fuel duaring the cruise portions of the wmisgsion.
Closing of the shutter at reducwd fuel flows prevents recirculation In the puip
and siynificantly reduces the power losses. By closing the shutter at the tlow
rates below approximately 10 percent of the maximum fuel flow, the pump power
loss 1s reduced by about 50 percent.

Thermal insulation is utfilized on all fuel delivery system Fludd liues
exposed to the engiue envivonment. The insulation was selectnd to provide
for the maximum tempoerature reduct fon consistent with the localon of the
fluid linc in the enviromment and tue ingulation characterist lrs.

Luh~!. ation System

The bascline lubrication system schematic for the GEL4/FLITE-2A eugine
is shown 1in Figure 18 and the assoclated sump area layout is presented in
Figure 19.
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01l is supplied to the inlet of the supply element by gravity feod from
the oil tank. 01l under pressure is then supplied by the pump to the supply
filcer, which serves to provect itbe oil jets from contamination. This {iltar
is equipped with a pressure rellet valve which opens at a predetermined pressure
differential and allows full o1l Ylow to continue to be supplied to the engine
should the filter become plugged. 011 supply pressure {s limited during cold
starts by another pressure rellef walve which bypasses some oil directly to the
gearbox 1f the supply pressu.e #xceeds a maxlaum level. At all pressures less
than this limiting value, the entire outpun wrom the filter is directed to the
ofl supply system. A statlce antileak check valve is provided to limit leakape
from the tank te the enging to an acceptabie level during engine shutdown.
0Ll is supplind to three areas of the enpiae; the accessory gearbox, the 'A"
sump/inlet goearbox combination, and the “B" samp. The "AY sump Is supplied
through a strut in the front frame which connects to o rotating oil supply pipe
ioslde the shaft, A cdarbon seal is used to scal between the stationary frame
and the rotating shatt. Leakage from this oil seal is contained by the "A"
sump. The o0il supply distribution tor the baseline engine is given in Table 1V,

The "B" sump 1s scavenged by a disk pump driven by the core engine, Tiis
pump has a tangential collector in the staclonary sump wall to recover the
veloclty head. The scavenge oll 1s then piped luward to the engine centerline
and discharged into a rotating scaveunge tube which pumps the oll forward to the
"A" sump by centrifugal torce. During the ramjet mode of operatlon wien
the core engliue is windmilllng at less than 10 percent speed, the gearbox-
mounted accessorles tucludiay the Jubricant supply and scaveape pump arce d-iven
by a ram air turbine. “he "B" sump scavenge oil is used to cool the No. 1
bearing inner race before belny discharped into the "A" sump,  This oil 1s not
used to lubelcate the bearing.  The "AY sump/inlec pearbox area is scavenged
by gravity through the PTO shaft housing to the accessory pearbox.  The accessorv
vearbox is scavenged by a single scaveage pump element, and the oll ts then
directed cou the scavenge fi1lt :r.  The scavenge filter contains a bypass valve
which allows the otl to bypass the ilter element In the event (U becomes plupged
by contamindtion. From tic tilter, the oil i: piped to the fuel/ofl heat
exchanger where the heat from the eaugine is transferved to the fuel.  From the
heat exchanger, the oil is returned to the tank,

Pregssurization alr is extracted from the compressor at the second stage
stator exit tip. This alv s First cooled In a vucl/air heat exchanper and
then piped to the No. 1 seal pressurization cavitv through a strut in the front
frame. A portion of this alr flows; alt laside the main shal't ond acvound the
rotating scavenge tube to the No. 2 seal pressurization cavity., In addition
to its primary function »f pressurizing these zeals, this alr is used to isolate
the sump walls and the rotating scavenge tube f{rom hot cycle alr.

Vent air from “he "BY sump flows to the "A" sump through the rotating
scavenge tube. The "A'" sump is then vented to the uaccessory gearbox through
the hoellow PTO shaft. The oil tank {s also vented to the gearbox. The vent
line [rowa the vil tank comtalns a tank pressurization valve wiich maintains
the tank pressure above sump vent pressure. The Increased tauk pressure is
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Table 1V. GE14/F.ITE-2A Lubrication System

% Design 011 Flow Distribution
Component Design Fiow (ppm)
( A" Sump 3.50
“B" Sump 3.85
Inlet Gearbox 0.70
i Transfer Gearbox 1.10
[ Accessory Gearbox 1.85
! Total Supply 11.00

Transfer Gearbox

o Scavenge Capacity 20.10

Accessory Gearbox

Scavenge Capacity __4.05
Total Scavenge 24,15
.
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provided to pressurize the supply pump inlet and to reduce the variaticn in of!
supply quantity to the engine under varying flight conditions. The air flow
through th's valve is sufficient to maintain tank pressure at altitude. All

of the air delivered to the accessory gearbox is vented cverboard through un
air/oil separator and a sump pressurization valve. A dynamic air/oil sepzrator
is used, being driven through the gearbox. The sump pressurization valve
assures adequate pressure in the sumps for scavenging at altitude.

Fluid Power System

The GE14/FLITE-2A baseline fluid power system is shown in Figure 20.
The fluid power system is utilized to actuate the core exhaust nozzle (Ag),
the outer ram duct exhaust nozzle (4g), the ramjet exhaust nozzles (Ajg)
and to position the turbine nozzle variable vanes (A4), the variable stator,
vanes (V5V) and the ram pre-burner swirl cups (A5). The position schedule
for the variable nozzles, vaunes, and swirl cups are provided by the engine
electronic control. Linear variable differential transformers (LVDT) provide
electrical signals to the electronic control for position feedback.

The separate hydraulic tank was selected primarily because of the require-
ment for supplying fluid for six separate actuation sstems exposed to high
temperature environments. The tank is pressurized to approximatelv 30 psia and
contains a fluid deaerator.

The centrifugal boost pump was selected because of size, weight, and reliatle
operating experience. A prime function of this total flow centrifugal pump is tc
prevent cavitation in the high pressure hydraulic pumps.

The pressure compensated pump provides the capabilicty to power the Ay,
A25, Aosg, and VSV actuation systras from a single pump. This constant pressure
variable displacement pump suppl: . a maximum flow of 19 gpm for maximum
actuation requirements and is throttled to a 6 gpm outvut for steadv-state
operation. The low pressure and steady-state cocling flow requirements of
6 gpm minimizes power losses under steady-state operating conditions.

The four servovalves used for Ay, Ajrg, Apg, and VSV fluid {low control
are necessary because of the requirement to control the flow to the separate
systems upon a demand signal from the electronic control. The servo control
valves are designed to minimizo heat loss due to the required throttling effects.

The high pressure servopumps were selected for the Ag and Ag exhaust nozzle
position controls because of the high nozzle lvads encountered at the high
Mach number side of the flight envelope. The pumps produce variable, bidirec-
tional flows as a function of the electrical sienal to the servovalves from
the electronic control. The pumps produce only that flow and pressure
required to position the load. During steadv-state load conditions when the
nozzles are fixed, the heat losses are from the pump and tho engine environmental

heat input to the fluid lines and components.
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Linear hydraulic actuators are used for all of the actuation systems
because of veiry short strore requirements and limited space available in the
engine env.lope. Because or the high load requirements of the Ag and Ag
actuation syvstewns, two~stage hydraulic actuators are used.

Hydraulic fluid is supplied from the pressurized hydraulic tank to the
centrifugal boost pump. This pump then supplies flow to the servoprmps, to
the pressure compensated pump, and to the actuators for cooling. The servo-
pumps pcower the Ag and Ag actuators and the pressure compensated pump powers
the A4, A1g, Aps and VSV actuators. The pressure compensated pump also provides
servo control flow to the Ag ard Ag servopumps.

Actuator cooling flow is provided in both the high and low pressure sides
of the actuation systems. The high pressure side is cooled with a cross-piston
cooling flow. This high pressure also positions tine shuttle valve in the supply
manifolds to allow a cooling flow from the centrifugal pump te flow into the
low pressure sides of each actuation system. The total cooling flow from each
system is routed through a shuttle valve to an LVDT and is returned to the tank
via the fuel/hydraulic heat exchanger.

The GE14/FLITE-2A fluid power system was designed to minimize the heat
addition which occurs in the pumps because of hizn pressures and pump
inefficiencies and in the fluid lines and actwators due tc the exposure to
high ambient temperature environments. Environmental heating tends to be the
majcr contributing factor to the heat rejected to the fuel. The system was
designed to minimize the environmental heating by judicious use of external
insulation and by the determination of the required cooling flowe for steady-
state operation to produce a 1w heat rejection system. Therual insulation
is utilized on all fluid power system components and fluid lines exposed to
the engine environment. Tor maximum altitude and Mach number, this insulation
reduces the temperature rise in the lines and actuctors caused by environmental
heating to approximately 40° F. The design point heat rejecticn for the
GE14/FLITE-2A fluid power system is approximately 2,680 Btu/min.

C.2 Engine Performance

Estimated performance for the GEL4/FLITE-2A engine was calculated with the
Electronic Data Processing cycle deck. FEngine performance is bhased on JP-5 fuel
having a heating value of 18,500 Btu/lb and at a temperature of 59° F (enthalpy
of 184.3 Btu/lb).

C.3 Thermal Analysis

The GE14/FLITE-2A fluid system schematic is shown in Figure 21. As
discussed in paragraph C.1l, this system is composed of the fuel delivery
system coupled through the fuel/oil and fuel/hydraulic heat exchangers to the
lubrication and fluid power systems, respectively.
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The performance oi the GEl4/FLITE-2A engine tluid system was mathematically
simulated by the creation of a digital computer model. Thi. computer program
provided the capabllity ¢f analytically flying Mission B for the baseline and
the subsequent four study engine designs and determining the eugilne system
performance for steady-state operating points, This model was the priccipal
tool used to identify and investigate the uses of the fuel heat sink for
Mission B.

In the development of the cowmputer model, each of the heat producing
clements of the engine fluld system was described in equavion form. These
hest generation terms were described as functions of the eugiue operating
conditions., Since the fuel, lubricant, and hydraulic fluld properties were
assumed to be temperature dependent, the establisiiing of enthalpy balances for
cach component system required simultaneous flow aud pressure balances. This
complex iterative process was accomplished through the use of a modified
Newton-Raphson numerical techulqgie for the solution of sets of nonlinecar
ordinary differential equntions.

Flgure 22 shows engine fluld sy.Lem temperature profiles generated
during the Misslon R basellne., Indicated in the plot arc the feollowing elght
system variables.

Engine inlet fuel temperature

core aozzle fuel temperature

ram pre-burner nozzle fuel temperaturc
ram main burner wnozzle fuel temperature
lubrication system vapply temperaturce
lubrication system scavenge temperature
fluid power system supply temperature
fluid power system scavenge temperature

C 60 ocCcCccco

The maaiwmuw permissible engine inlet fuel temperaturce of 200° F (JP-5) for the
baseline configuration is reached during the final idle-descent portion of the
mission.

As with Mission A, the significant reductlons in engine fuel flow for
the crulsce power setting produce sharp rises in system temperatures as the
trausitions are made from maximum power scetting. At the end of the cruise-out
mission leg, the fluld power system reaches its point of maximum Lemperature
eneration while the lubrication system does not experience its maxdimum tempera-
tre conditioun until the end of return cruisc.

With the complex modes of operation for the GEL4/FLITE-2A engine aui the
high flight speeds, temperature Jdependeat smaunliovl) cooling flows arse necescary
to cooul the burner fuel lines and minifolds when the respectlive burners are
not in operation, Although the main engine control is further complicated by
the additional logle and hardware to provide this function, the cooling {lows
arce an effective means of maintaining the fuel in the burucr liuves tv wlithin
the design JP-5 unlimited service thermal stability limit of 325 ¥ when the
respective burners arc not In operation.
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The ramjet id?a~descent 1= the more severe of rhe two flight-idle modes of
operatinn, Recirculation fuel flow Is neceszsary during this 2.5 minute mission
phase to maintain the three component systems withir their thermal stabilicy
limite. This recirculation rfuel flow to the aircraft reacies
9,000 pph with an engline interface fuel temperature of 180° ¥. Even with the
recirculation and the man’fold cecollug flows. the vam main burner line does
excead the 325° F level duving the ramjet idle-descent. A temperature peak
of approximarely 425° F is experienced with over-temperatiwe conditions
exivtioy durive the majority of the descent. As the wein burner 1s in operatiou
during this flight-idle conditica avd requires little fuel fiow, the main
burner ifuel line is relatively insensitive to the upsiveam cooling efforts.
Although the residence tiwme is shocrt and the maximum fuel
extrene;

4 maximum of

tamperaiure aot

it should be noted that the unlimited service desiga Limit of 325% fF
fer the JP~% fuel cannot be quaranteed over che eptire mission. FRecirculation ls
uot wnecescary durlng the final descent to sea lovel as Jhe zore eugine fuel
flows arve suffiicient o mairtaln arceptahle syster operatiug towperatures.

C.5 Inteycepror Design Charactervietics

The Misgion @ iutercepiors were desigoned t . o tochinology level compatible

with an anticipatad 70C dace batweean 1985 aad 1990.
The Mission B intevcepfor is shown in Figure 23. The interceptors are

all In the 80,0GN Ib. TOCW class with wing area from 1,J20 to 1,160 *r2 and

o fuel fraction from (.52 to 0.5%4, The aircraft has a crew of two, a low

aspest ratio delia wlug planform with 2 leading edge sweep of 79.7°. This

cenfiguration also uses twin vertical tuail surfaces for high speed dlirectional

stability and incorporates outhoard movable wing tips for pitch and roll
contrel,

The conflguration includes two GEJL4/FLITE turboramjet engines, supplicd
by frecstream (nonaircraft compression ficld) horizontal ramp mixed compression
inlets. A slotted subsonic diffuser is utiljized to provide flow Lo the wrap-
around ramjet during operation of that subsystem. Outer walls of the ramjet
amulus are designed to include variable area bypass doors.

The primary structure is a cool conventional structure concept thermally
protected by an air gap, w¢ssive insulation, and cxternal radiative shingles.
Cool structure dominates ,-he fuselage; but the wing leading edges, coutrol
surfaces, and inlets are ot structure due to their (hin cross seczction.
Composite netal matrir structure is used to the maximum practicable extéent
orojected for a mid-to-late 1980 TOC.

Cabia and equipment enviroanmental cooling is provided by a fuel heat siuk
system using awmbient temperature fuel witli a vapor cycle refriperation package
to affect the heat transfer.
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The nogse cross sectilounal radius ana radome fineness ratio are determined
by requircmeants for a 48 {uch-electronically steerable phased array antenna
for a long range pulsed ucppler radar with multiple-track wiae scan capability.
The antenna fe¢ Installed in a look decwmn attitude to provide detection and
tracking of botli high and low aititude threats.

Aircraft armament is integrated to presarve fuseluge fineaess. Four loug
range 500-1b air-to-air missilec aad launch systems arn: Integrated into the top
of the aircraft using a rotary firing rack or drum. Ficlng 1s accumplished
out the top to avold sliock fnterference with the inlets during supersonic
missile launch,

C.5 Welght Estimatiou Techniques

A8 for Mission A, the strurtural waighte for the Mirsion B iurerceptor
werce determined by corventional mefthods. 1Materiuls for the components were
chosen to reflect curvent and projected material davelopment effort compatiblie
with I0C dates of from 1985-19¢0. Engine weights were bard or GE14/YLL1TE
scaiing dasu,.

The wing torque box and fuselage shell covering is weighed as "cool
struecture', protected by shingles and insulation. Wing structural weights
are based on 3.5 g limit load factor at basic flight design gross weight.
Wing secondary structural weight 1s based on temperatures incurred in the 3.5 g
may: lmwa powar turn. PRotatlng tips, vertical tails, and inlets are welghed as
liot structuce, with design temperatures correspceding to the Mach 4+ crulde
envirommen*, The welight for the horizontal rotating tips 1s included with the
wing, Weigihts €or wmlnimun gauge fuselage covering and frames are correlated
to the 2,000 psf dynamic pressure climb path. Longeroans, stringevs, and locally
strong areas to react ailr loads are weighed as a Surciion of the tfuselage
berding moment and its maximun deptl and widtb. Iungulaticn, included with
fuselage weight, is based on thz requirareant tc limit primary structural
temperat r to 275° T in the nonfuel areas and allnw a 20° F temperuture rise
in the fucl areas. Landing gedr weiguts are based on the 2.0 g taxy load at
maximum design groes welght. Air induction systex weights are btased on
ultimate duct pressurea of 195 psi and design temperatures cerrespording to
the crulse condition.

A high percentage of metal matrix composites materisls (borun aluminum and
graphite nickel) 1s used in the cesign. These provide a substantial payolf
in terms of reduced aireraft size and welght. Poron aluminum is ued for the
primary fuselage and those wing oreas whilch are protected by insulation and
radiative ~hingles., Hot stractural cowponents are Jesignad using graphlte
nickel. The relatively high temperc-uves in the cruise environment precludes
the use of other materiels for passively cooled concepts, with the exception of
René 41, Supplemental studies allowed determination of the merits of active
cooling in the falet area as discussed i Seccion V.
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C.6 Propulsion System Performance

The propulsion system for the Mission B vehicle consists of the GEl4/FLITE-2A
turboramjet engine and nozzle matched to a mixed compression inlet. Engine
variations for the fuel and lubricant combinations corresponding tc the Mission
B studies are presented in Section V.

GE14/FLITE~2A cngine and Nozzle

The GE14/FLITE-2A engine consists of a stloichiometric turbojet with a
wraparound ramjet. The core turbojet incorporates a transonic compressor,
a carbureting-type combustor, and a single stage, variable geometry turbine.
The wraparcund ramjet incorporates a preburner and a main burner, both of
which use carbureting injection. The nozzle is a variable-geometry, converging-
diverging design designated as a 'terminal fairing ejector nozzle."

Air Induction System Performance

The air induction system consists of a herizontal, two-dimensional,
mixed-compression, double external ramp inlet. The inlet incorporates variable
external vamp geometry which is scheduled as a function of flight Mach number.
The first ramp is fixed and the second ramp is hinged. The shock structure at
the design point consists of two oblique shocks from the external ramps, a
series of intersecting internal oblique shocks which form a double shecck train,
and a terminal normal shock. The oblique shocks decelerate the aivflow to a
throat Mach number of 1.35 where the terminal normal shock is located. ‘the
flow is then decelerated subsonically to the engine. face. The length of thc
subsonic diffuser was deternined by specifying that the total included angle,
between straight lines joining the throat exit with the engine face, not
exceed 13°. A bypass svstem was included in tne design for inlet and engine
airflow matching. The inlet cperates in an external compression mode from
Mach O to 1.3 and in a mixed compression (external and internal) mode from
Mach 1.9 to the design Mach number.

C.7 Thermodynamic Characteristics

Design Temperatures

Aerodynamic heating effects during the Mach cruise phese produce the most
severe sustained thermal environment for both the upper and lower surfaces of
the aircraft. The maximum surface temperatures, presented in Figure 24,
were corputed at cruise conditions with a nominal angle of attack. These
maximum external surface temperatures are used to assist in the selection of
airframe structursl materials and size thermal protection requirements.

Thermal Protection System

‘he Mission B interceptors are designed to employ a p-otected structural
concept wherever possible. The thermal protection system concept consists of an
external shingle backed by insulation with &n internal air gap. The shingle is
treated to obtain a high surface emissivity enabling reradiation of heat away
from the surface to minimize surface temperatures. An air gap provides a
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radiation barrier to heat transfer (surfaces on either side o/ the gap displaying
low emissivity characteristics). Lightweight, flexible insulation is used to
minimize thickness, thereby maximizing usable aircraft volume. In nonfuel areas,
the Insulation 1is sized to limit the maximum primary structure temperatures "

to 275° F. In fuel tank areas, the insulation is sized to limit the stored

fuel temperature rise co 20" F due to aeruvdynamic heating effects. Since all
thermally sensitive compartments are located in regions of the aircraft where

the protected structural concept is employed, additional internal insulation
provisions (except for the crew compartment) are unnecessary.

Airframe Heat Loads

Airframe heat loads that must be absorbed by the fuel before delivery to
the engines are summarized in Table VI as a function of mission phaie. Hydraulic
and electrical system heat loads are based on system power requirements ranging
from 120 to 520 pph. Hydraulic heat lecads include internally generated heat (due
to pump inefficiencies) and environmental heating to actu.tor and lines located
in uninsulated regions of the aircraft. Heat rejection to the fuel from the ECS
is a function of aerodynamic heating effects and the mode of radar operation.
Since fuel is used exclusively as the heat sink for the Mission B ECS concept,
a requirement for fuel cooling of the ECS exists throughout the mission.

Table V. Summary of Heat Loads to Fuel Mission B Interceptor

Heat Load (Btu/min)

Environmental Hydraulic Electrical Boost
Mission Phase Control Systems System System Pumps
Takeoff/Climb 1,800~4,210 3,960-7,580 940 110-370
Outbound Cruise 4,210-4,310 (a) 7,580-7,220 940 60

2,980-3,110 (b;
4,450-4,600 (c)

Descent to 65,000 ft 4,600-4,050 7,220-4,740 940 110
Turn 4,250 4,740 940 110
Inbound Cruisze 4,050-4,060 (a) 4,740-4,590 840 70

2,730~-2,810 (b)
1,880-1,920 (c)

Descent to Sea Level 1,920~-1,280 4,590-3,960 940 100-70

Loiter 1,280-1,160 3,960 940 80

(a) Radar Ou
(b) Radar on Standby
(¢) Radar Off




Environmental Control System

The Mission B ECS, presented in Figure 25, is a vapor cycle using fuel,
as the primary heat sink. As indicated, the airframe heat loads are absorbed
by an intermediate heat transport (coolant) loop which transmits these loads
te the fuel via a vapor cycle refrigeration package. Analyses, based on the
airframe heat loads as summarized in Table V, and engine fuel flowrate
data indicates that this concept is compatible with the total range of engine/
airframe fuel interface temperatures (150 - 350° F) investigated in this study.
During low fuel flow periods such as descent. sufficient fuel is circulated
through the airframe heat exchangers to absorb all the heat loads without
exceeding the prescribed interface temperature. Fuel flow in excess of engine
requirements is recirculated back to the feed fank. Use of the vapor cvcle
concept imposes an additional consideration; the fuel temperature entering
the ECS condenser must be sufficiently low to permit efficient cycle performance.
The condenser inlet fuel temperature is maintained below 115° F. For those
cases where bulk temperature limits may be exceeded, optional peak heat load
~elief is desirable. The representative system considered here is a simple
evaporator. As shown in Figure 25, a water boiler and a ram air heat exchanger
are located between the feed tank and the ECS condenser. During cruise at high
altitudes, fuel is routed through the water boiler after the feed tank bulk fuel
temperature exceeds 115° F. Fuel cooling via water boiling is used through the
early phases of descent uniil an altitude is reached where the required boiling
tempe: iture of 115° F is exceeded (approximately 50,000 ft). Ram air temperatures,
at this stage of the mission are sufficiently low to provide an adequate heat
sink for fuel cooling.

D. FLUID PROPERTIES

D.1 Fuel Properties

The FL™TE program encompassed studies of system designs usiag four dif-
fereut fuels: JP-4, JP-5, JP-7, and JP-8. All of these are mixtures of
hydrocarbons, hence their bulk chemical properties are very similar. The
major differences are in volatility and thermal stabilitv. JP-4 is quite
volatile, whereas the other three fuels have relatively low and similar
volatilities. JP-7 has high thermal stability, whereas, the other three
fuels can have relatively low thermal stabilities. Their specified minimum
thermal stabilities are, in fact, identical.

All of these fuels are procured to specifications which are as broad as
possible within the quality levels desired to achieve adequate availabilitw
at minimum cost. Therefore, some of the fuel physical properties can vary
widely depending on the world-wide sources of the fuels. For design purposes,
it was considered preferable to use the best available average data, rather
than extremes.

For thc JP-4 and JP-5 fuels, average data were obtained from Reference

2. Since JP-8 has not yet been produced in large volume, data on its properties
were not avajilable. However, Jet A-1l is its commercial equivalent, and
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been produced in very limited quantities, and published data cn multiple

sourzes were not available. Therefore, typlcal dJdata on a simgle batch prnduced
by a mijor refiner were used, as published in Reference 2.

average data on 1ts properties were ohtained also from Reference ! JP-7 has

The data on density variation with temperature were derived frem infor-
mation in Reference 3.

The data on viscosity were based on average properties in Reference 6,
and established slopes for viscosity curves from Reference 4.

The specific heat data were calculated using the method giver in Reference {
5., The accuracy is believed to be within 4 perceut of the true values. Al-
though the data are considared net applicable below 0° ¥ and above 475° 1
(350° F for JP~-4), they were applied wherever possible.

-,

J

The thermal conductivity curve 1is the average of data from References G, .

7 and 8, Experimental data are very scarce at moderate temperatures, and ]

those which are avallable are not of high quality. Data at high tewpevaturee ;

were virtually nonexistent. The accuracy of the plotted curve may be no bettrev b
thaun !5 percent of the true values.

The vapor pressure duta wvere calculated usgiag the wethod given in
Reference 9. The accurezy of the calculated data hLas not been eval.iated.
However, the reproducibility 1s consldered no better thun 2 psi or § perceat
of the mean of two vresults, whichever 1s greater.

- ailine

Ylotted values of density, viscosity, specific heat, thzimal cewductivity,
and vapor pressure are shown in Figures 26 through 30.

“h> enthalpy of the four fuels was computed uging the following equations,
which were derived from the gpecific heat data. Theae are appliczble only
while the fuels are in the liquid statc.

b gl # K

-0 wl,
For JP-4: H ~ &4.6 x 10 T + 2,91 x 10 4T2 (4
- -4 2
For JP-5: H = 4Z.4 x 10 2T +2.79 x 10 QT {5 ]
") A
Foo JP-7: H = 44.0 x 10771 + 2.88 x 107°1? 6)
- . -4 2
For JP-8: H = 42.6 x 107 T + 2.32 x 10747 7)
where, H = enthalpy in Btu/lb and

T & pemperacure in ° F

o it e o

The heats of combustion used for the four fuels are llsled in Table VI.
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- Table VI. FLITE Program Fuels
Lower Heats of Comuustion

Fuels Heat of Combustion
JP-4 18,/00 Btu/lY
JP-5 18,500
JP-7 18,700
JP-8 18,550

The thermal stability limits of the four fuels were considered at three
operational levels; unlimited service, limited service (cleanable after
several missions) and research level. These limits ave presented in Table
VIiI. ‘

Table VII. FLITE Program Fuels Thermal Stability Limits

Thermal Stability Limit

Unlimited Limited Reraarch
Fuel Service Service Level
JP- 4 325° F —— ———
JP-5 325 475 —
JP-7 550 700 1000° F
Jr-8 325 475 —

Although the oraiginal progr=2. concept was to use the unlimited service
fue’ chermal stability limitz, tne operational characteristics of the Mach 4+
intrceptors and the search for maximum use of available heat sink in both
thz Mach 3+ and Mach 4+ interceptors dictated the definition of the higher
tevels, Evidence to support the limited service values wac gathered through
the examination of laboratory test (MINEX) results from a substantial number
of tests on the thermal stabilities of JP-type fuels.

Extablishment of the research level of 1C00° F for JP-7 fuel was principally
the result of tests documented iIn Reference 15 in which highly refined JP-5
was elevated to temperaturesg of this crder of magnitude for short residence
tire tests. Acceptance of this level permitted the defirition of a heat exchanger
decign for the Mach 3+ interceptor that produced significant improvements in
mission performance. In the absence cf JP-7 data at these elevated temperatures,
JP-5 data as defined in Reference 10 were substituted. Liquid data were utilized
up to the critical point of 750° F where the transition was made to vapo: phase
data. The accuvacy of these data would, of course, be highly questionable, btut
they were deemed acceptable for the definition of potential to which use they
were applied.
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D.2 Lubricant Properties

The contractual work statement required that the following lubricants be
evaluated in the course of the program:

0 MIL-L-27502 425° F BOT
0 Hypothetical ester 500° F BOT
) Polyphenyl etker 575° F BOT
o -~ Perfluorinated polyether 650° F BOT

In order to quantify the effects of lubricant properties on engine design,
it was necessary to establish specific characteristics for each 0il. Technical
representatives of major lubricant suppliers were contacted to discuss the
current status of these lubricants, particularly with respect to polyphenyl
ethers and perfluorinated polyethkers.

Yor purposes of the study a representative fluid was chosen as realis-
tically as possible within each category on which the maximum awount of pro-
perty data are available. Rationale for fluid selection within each class
are given as follows:

o) MIL-L-27502. This specification represents a class of synthetic
ester-base lubricants of high oxidative stability. Because the
specificaticn is still conceptual, average lubricant properties
of real ester-base fluids {in most cases MIL-L-2369%9, but including
MIL-L-27502 candidate oils) were assumed.

o} 500° F Hypothetic Ester. In order to assess the effect of higler
bulk o1l stability only, properties were assemed to be identical
with MIL-L-27502, but with higher bulk oil stability (500° F rather
than 425° F).

o Polyphenyl] Ether. The properties of '"Skylube €00"* polyphenyl ether
were selccted as a design basis. A chemical variation known as a
"C-ether' appears to have a better overall balance of properties;
however, physical properties are less well established.

o Perfluorinated Polyether. Prominent among this class of fluilds are
the hexafluoropropylene epoxide (HFPO) polymers, marketed by Du Pont
under the trade name "Krytox''** fluids, and by Montecatini-Edison
S.P.A. "F6mblin'"*** fluids. Several viscosity grades, differiag
in polymer length, are available. Du Pont has developed anotler
variation based upon triazine, known as the HFPO-triazine fluids.
These promise to be eventually lower in cost with practically; the
same capabilities as the HFPO polymers. The properties of Krytox
143AC were selected for the design comparison.

*Trademark Monsanto Company
**Trademack DuPont Company
***Trademark Montecantini-Edison
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A necessary task of the program was to establish the pertinent properties
of these lubrlcants. Design curves giving nominal properties were developed
for the following properties, all versus temperature:

Viscosity

Specific gravity

Thermal conductivity

Specific heat

Vapor pressure

Isentropic tangent bulk modulus

O OO0 0 OO0

These curves are presented in Figures 31 through 38.

The source references and the assumptions inherent in the gereration of
these property data are summarized as follows for each of the four lubricants:

MIL-L-27502
Source
References
Viscosity. Design curve is based on MIL-L-2750Q
limits of 17,000 cs. max. at -40° F and 1.0 cs.
min. at 500° F. (11) (12)

Specific Gravity. Curve is based on an average of
several 5-centistoke o0ills including MIL-L-27502
candidate oils. ——

Thermal Conductivity. Curve 1s based oa least . quares
average of data from vendor sources on various ester-
base oils including MIL-L-2750C2 candidate oils. ——

Specific Heat. Curve 1s based on an average of sevaral

"Type 2" oils, including a MIL-L-27502 candidate oil.

Note that MIL-1-2750Z linmits are considerably lower

than typical vaiues for real oils. —-=

Vapor Pressuvre. Curve 1s based on MIL-L-23699 average
derived from ASTM D972 Evaporation Loss data. —_—

Bulk Modulus, Isentropic Tangent. Curves are bused on

a MIL-L-23699 o0il, run by the method of MIL-H-27601

(P-V-T method) by Midwest Regearch Institute, General

Electric Proprietary data. Data agree well with

similar data determined or. & MIL-L-923€B oil. _—
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Figure 35. Vapor Pressures of Lubricants Used in FLITE Program,



Isentropic Tungent Bulk Modulus, Kpsi
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Figure 36, Bulk Moduli of MIL~L-27502 and 500° F Esters.
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Isentropic Tangent Bulk Modulus, Kpsi
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Figure 37, cdulk Modulus of Polyphenvl Ether.
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Figure 38, Bulk Modulus of Perfluorinated Fluid,
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Note that bulk modulus data on all fluids were derived from isothermal
tangent bulk modulus (B;) data determined by Midwest Research. In all cases,
isentropic tangent bulk modulus (Bg) was calculated by multiplying by
Y = Cp/Cy. Y was assumed to be 1.12 in all cases. Therefore Bg = 1.12 Bg.

Source
500° F Hypothetical Ester References
All six properties are assumed identical to
that of MIL-L-27502, as explained above. ———
Polyphenyl Ether (Skylube 600, 5P4E)
Viscosity (12) (13) (14
Specific Gravity (13)
Thermal Conductivity (12)
Specific Heat (13)
Vapor Pressure (isotheniscope) (13)
Bulk Modulus, Isentropic Tangent (15)
Perfluorinated Polyether (Krytnx 143AC)
Viscosity (16)
Specific Gravity (35) (16)
Thermal Conductivity
Specific Heat (16) (17)
Vapor Pressure (Isoteniscope) (16)
Bulk Modulurs, Isentropic Tangent (15)

Reccmmended maximum service temperatures are based largely on General
Electric experience with the several fluids, and in consideraticn of available
physical and chemical property characteristics. Values for the hypothetical
500° F ester are, of course, assumed.

Maximum service temperature may be limited by either hydrolytic, oxidative,
or thermal stability criteria. 1In a hydraulic system in contact with air,
hydrolytic stabhility is limiting. In a lubrication system in contact with air,
oxidative stability is limiting in all cases except for the perfluorinated
fluid. 1In inerter systems, the thermal stability is limiting. (Volatility,
lubricity, or fire safety may become limiting, however.) The limiting tempera-
tures for the four gtudy lubricants were assumed to te as listed in Table VIII.

Table VIII. FLITE Program Lubricants ~ Limiting Temperatures

Maximum Temperature, ° F

Lubricant Thermal Oxidative Hydrolytic
MIL-L-27502 600 425 400
500° F Hypothetical Ester 600 500 425
Polyphenyl Ether 800 600 No Limit
Perfluorinated “olyether 670 No Limit No Limit
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Equations for viscosity were deyeloped for each of the study lubricants
based on the design curves issued. No one simple mathematical equatifon can
be fitted to such wide-range viscosity data. 7Viscosities of non-ester fluids
deviate significantly from the curve fit used for hydrocarbons. Using two
equations, however, an excellent fit over the entire range was achieved. A
model reported in Reference 12 was used successfully, except that temperatur-
in degrees Rankine was utilized. This avoids logarithms of zero or negative
numbers and division by zero. In the computer model, the switch from one
equation to the other 18 made at 7.5 centistokes or an appropriate temperature.
Equations for each lubricant are as follows (v = kinematic viscosity in centi-
stokes, and T = temperature in degrees Rankine):

MIL-L-27502 and 500° F Hypothetical Ester

. Inln (v+ 0.6) = A+ B 1ln T (8)
(=40° to 500° F) A = 24,3051
B = -3.64686

S5P4E Polyphenyl Ether

Inv=A+4+B1lnT+ C/T (9)
(100° to 250° F): = -528.076
= 69,2459
53595.4
-47.0343
5.47088
9295.84

A
B
C
(250° to 700° F): A
B
C

Perfluorinated Polyether

Inv=A+BlnT+ C/T (10)
(100° to 300° F): A = -154.682
19.6482
20129.8
~-12.8457
1.04858
6117.77

(300° to 700° F):

QWP Ow

Linear eaquations were fitted to the specific heat data.

C, = A + BT {(11)

P

Temperature, T, is either in ° F or ° R; Cy is either in Btu/lb/° F
(or ° R) or Cal/gm/° K. Different values of A are used for Fahrenheit and
Rankine and are presented in Table IX.

72



Table IX.

MIL-L-27502

500° F Ester
Polyphenyl Ether
Perfluorinated
Fluid

Lubrigggt Yiscogity Equation Cuvefficients

A A
(° F) i{® R) B Range

0.421546 0.278356 3.11486 x 10~  (<40° to 500° F)
0.421546 0.278356 3.11486 x 10~%  (-40° to 500° F)
0.336850 0.190436 3.185 x 10=4  (+100° to 700° F)
0.203400 0.098588 2.280 x 10°%  (+100° to 700° F)




SECTION IV

MISSION A RESULTS

A, Ucilization of Fuel Heat Sink

In addition to using the fuel as a heat sink for cooling the lubricants

ad hydraulic fluids, studies were made to determine the potential :se of ex~
cess fuel heat sink for cooling turbine and exhaust system componentec in the
GE1l6/FLITE-1A engine. The available fuel heat sink vas considered to be the
difference between the maximum permissible fuel temperatures of 325° F for
JP-5/8 and 570° F for JP-7 and the fuel temperature at the exit of the main
engine control. The objective of these studies was to define a heat exchanger
system which could utilize the excess fuel heat sink in a practical engine
cooling system. Screening studies were made of system concepts in terms of
heat exchanger location, thermal environment, available fuel heat sink, and
heat exchanger performance.

The heat exchanger design point was selected to be compatible with engine
operation at cruise. The point was determined from an analvsis of engine opera-
ting points along the Mission A flight path which showed that the engine cycle
temperatures achieve their maximums and the permissible fuel temperature rise
becomes minimum during the cruise portions of the mission. The average and
maximum fuel temperatures supplied to the heat exchanger inlet during super-
sonic cruise are approximately 275° F and 300° F, respectively. The permissible
fuel temperature rise at the cruise condition is shown in Table X.

Table X, Mission A Available Fuel Temperature Rise at Supersonic

Cruise.
Tpyey Interface T, o . Tattow  “Tavail
Study Fuel (° F) (° F) ° B (° B
Base JP-5 200 250 325 75
1 JP-5/8 250 300 525 25
2 Jp-7 250 300 5700 270
1 - Use of 570° F as the allowable JP-7 fuel temperature is based on a

fuel wall temperature criteria of 725° F and the assumption that an

approximate 100-150° F AT exists between the fuel and its wall tempera-

ture.

A number of GE16/FLITE~1A heat exchanger arrangements was qualitatively
studied to determine which systems made effective use of the available fuel
heat sink and which systems were compatible with practical engine designs. The
system arrangements studied included the following:
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1. Fuv-l/air heat exchanger for cooling tiie low pressure turhine cooling
air.

2. Fuel/air heat exchanger for cooling the duct nozzle cooling air.
3. Fuel/air heat exchanger for a partical core air preccoler.
4, Direct fuel cooling of the high pressure turbine diaphragm.

As the high pressure turbine cooling air ~ircuit is withir the rotating
structure of the GE15/FLITE-1A engine, this cooling air was incccessible for
use in the heat exchanger study concepts.

When the candidate concepts were limited to fuel temperature Increases of
25° F in Study 1 and 270° F in Study 2, Concepts 3 ard 4 were eliminated as
contenders due to insufficient fuel heat sink. The partial core air preccoler
(Concept 3) was considered impractical because with the fuel heat sink availé%le,
this system produced a flow path blockage and required a compensating increase
in core size. There was sufficient fuel heat sink for the direct fuel cooling
of the high pressure turbine diaphragm (Concept 4) si ze this concept required
about 2-1/2 times the fuel heat sink made available when JP-7 is limited to a
270° F fuel temperature rise. Thus of the four concepts considered for the
utilization of fuel hea* sink in the mission, only the LP turbine cooling air
cooler and the duct nozzle cooling air cooler were judged worthy of more detailed
study.

For Study 1, which specifies JP-5/8 fuel at a maximum engine inlet fuel
temperature of 250° F, thermal analysis results indicated end-of-cruise fuel
temperatures of approximately 300 to 310° F at the fuel nozzles of the duct main
burner and core combustor. Since JP-5 and JP-8 were considered to have a thermal
stability limit of 325° F, each of these fuels had insufficient fuel heat sink
capacity to justify the inclusion of a fuel/air heat exchanger for cooling either
the low pressure turbine cooiing air or the duct nozzle cooling air.

Two sets of JP-7 maximum fuel temperaure and maximum wall temperature
criteria were considered for Study 2 (JP-7 @ 250° F).

o TFuel Max. = 550° F and/or Tya1l Max. = 575° F, which are considered
to be zero risk levels leading to unrestricted fuel residence times
without fuel decomposition or fuel side depositions.

) TFuel Max. = 700° F and/or Tyall Max. = 725° F, which are considered
to be limited risk temperature levels leading tc shorter fuel reo-
sidence time, some fuel side deposits, and a requirement to periodi-
cally clean the fuel side of the heat exchanger surfaces.

Each set of fuel temperature/wall temperature criteria shown above was used to
define a cooling system which fully utilized the available fuel heat sink. The
lower fuel temperature limit (550° F) was applied to the duct nozzle cooliug
air cooler design. Since the exhaust nozzle uses fan air (764° F at cruise)
for cooling, it follows that the fuel tube wall temperature cannot reach the



> ¥

J= = -

725° F level associated with a limited risk system. Similarly, the low pres-—
sure turbine cooling air cooler operates with an air side inlet temperature of
1070° F which implles severe limitations cn the cooling potential with a 550° F
fuel tempevature limit. Thus, the low pressure turbine cooling air cooler
svstem is more practical when based on the use of the higher (725° F) wall
teaperature limit.

Fuel-~to-alr neat exchanger sizing the performance evaluations for the two
heat exchanger systems were made, Fach system utilized the total engine fuel
flow in a heat exchanger which was located upnstream of che 2ngine control,

The exchanger sizing point selected for each ysiem study corresponded to the
crulse operating condition and represented the maximum turbine inlet and
cooling temperature operation for the engine.

Results of the heat exchanger system studies are presented in Tables XI
through XVI1. Table X1I summarizes the design configurations and dimensional
data for the two heat exchanger drsigns investigated for the LP turbine cooling
alr cooler. The corresponding performance data at the design point and four
vff-design operating points are summarized in Tables XITI and XTIV, Similar
results for the duct nozzle cooling air cooler are gilven in Tables XVI and XXII.

Systerm 1 = (LP Turbine Cooling Air Cooler)

The low pressure turbine cooline ajr {s Stage 3 Lleed air and for this
system i equal to ]10.5% of the core flow (W25). Since the baseline engine
uses 15.5% Wog for low pressure turbine cooling air, the addition of the tuel/
alr heat exchanger to the cooling circuit reduces the required coclant flow by
about 32 percent. Some pertinent engine operating parvameters corvesponding to
the heat exchanger design point and to typlcal operating noints at which the
heat exchanger performance was evaluated, are shown in Ta®le XI.

The heat exchanger configuration selected is a bare tube rross flow heat
exchanger with the fuel flow inside i - tubes and the airflow normal to the
tul e This type of configuration gererally results in minimum heat exchanger
weight and is particularly well suited for aircraft engine applications, siuce
it readily lends itself f{or uniform arrangement around the engine circumference
within the engine outer casing. The heat exchanger required to meet the speci-
fied operating conditions consists of a bauk of tubes of 0.187 inch 0D, 0.007
inch wail thickness located in the Interstage bleed air annular duct above the
combustor as shown in Figure 39. The tubes are arranged circumferentially in a
5 x 40 array. Fuel is fed to the tubes from a single axial manifold and 1is
discharged from the tubes into a second axial manifold located 180° from the
inlet. The manifolds are spaced 180° apart and are split longitudinally,
permi.ting a simple assembly of the heat evchanger. The configuration includes
orifices at the tube exit in order to assure uniform flow distribution, The
orifice pressure drops are equal to 3 times the tubing pressure drop. Radial
supports located 3.75 inches apart minimize bending stresses on the cubing and
assure natural frequencles above engine and vortex shedding excitation frequen-
cles. A schematic diagram of the heat exchanger configurcation is shown in
Figure 40. The heat ex~hanger material 1s a high strength stalnless steel
alloy. Estimated weight of the heat exchanger, exzclusive of the fuel supply
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lines is 40.4 1lb, of which 23.7 1b is tubing weight and the balance is the
welight of the manifolds and support structure. Titanium fuel lines from the
hydraulic oil heat exchanger to the fuel/air exchanger and return to the con-
trol pod weigh 4.84 1b making the total estimated system weight cqual to 47.4
lb for the 100% engine size. A tabulz*tion of the basic heat exchanger dimen-
sions 1s given in Table XII.

The resulting heat exchanger performance obtained for the above coniigura-
tion 1s shown in Table XIII. [n addition to design point data, performance data
at four selected off-deslgn operating points are also included in Table XII1.

It may be observed that this heat exchanger configuration yields a cooling air
temperature decrease ~f 503° F with a corresponding fuel temperature rise of
267° F., The maximun fuel and tube wall temperatures are obtained at the end-
of-cr. » operating point at which time the ma -imum temperatures are 567° F

and © " for the fuel and tube wall, respectively. The maximum air side pres-
suve drop is 1.80% anc occurs at the design point.

An alternate heat exchanger configuration for the low pressure turbine
cooling ailr designed to further reduce the fuel wall temperatures, vas also
evaluated. The cornfiguration was obtained by modifying the original configura-
tion so as to introduce four passes 1nto the heat exchanger fuel flow circuit.
This can be realized by the addition of two baffles, each, into the inlet and
exit manifonlds. The design configuration and the dimensional data for the LP
turbine ceoling air four-pass cross-flow heat exchanger is given in Table XII
and the corresponding pet formance data in Table XIV. It may be obsorved the
maximum fuel surface temperature is veduced from 717° F to 600° F. This is
accomplished at the expense of increased fuel side pressure drop, however, the
resulting pressure drops are still within acceptable limits

svstem 2 (Duct Fxhaust Nezzle Cooling Air Heat Exchanger)

The heat exch-rover sizing poiut selected for this study corresponds to
the cruise cperating conditien of the alrcraft flight mission and represents
the maximum f4)] and coclant temnerature operation of the flight spectrum for
the engine., The average fuel temperature available at the heat exchanger in-
let Is approximately 275° F. The JP--7 fuel temperatu-e rise for the fuel to
exhaust norzle coollng alr was set at 300° ¥. The nozzle coolilng air is
equal to 3 0% of the fan flow (W]). Some pertinent engine operating prarameters,
correspondiung to the heat exchanger design point aad to typical operating points
at which the heal ev-hanger performance was evaluated are shown in Table XV.
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Tavle XI. Operating Conditions for LP Turbine Cooling
Air Heat Exchanger.

Cruise End of End of

Operating Point Des. Ft Cruise Takeoff  Accel Conbat
T4 (°F) 3,702 3,707 3,559 3,491 3,646
Core Alrflow W,s (pps) 23.4 23.4 121.8 177.65  32.0
Coolant Flow (pps) 2.44 2.44 12.65 18.5 3.35
Duct Fuel Flow (pps) 1.0 1.0 9.15 20,03 4.0
Core Fuel Flow (pps) 0.78 0.78 4,45 5.20 1.03
Total Fuel Flow (pps) 1.78 1.78 13.60 25.50 5.03
P, (psia) 33.97 33.97 166.7 246.6 45,85
T3 (°F 1,173 1,173 663 1,153 1,165
Coolant Pressure (psia) ! 27.3 27.3 118.0  195.0  37.0
Coolant Inlet Temperature

° R)(l) 1,530 1,530 970 1,508 1,524
Fuel Inlet Temperature (°R) 738 735 619 660 685

(1) sStage 3 bleed
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Table X11. LP Turbine Cooling Air Coecler heat Exchanger
Configurations, 100%Z Engine Size.

1 - Pass 4-Pass
H-X Config. H-X Config,

Tube OP (in) 0.187 0.187

Tube Wall Thickness (in) 0.007 0.007

Transverse Spacing (in) 0.327 0,319

Axial Spacing (4n) 0,235 0.235

Heat Exchanger Axial Length (diun) 5.588 lu.15

Number of Transverse Rows 5 5

Number of Axial Rows 40 40

Number of Manifolds 2 4

Manifold Diameter, ID (in) 3.0 3.88

Annular Passage ID (in) 30.0 30.0

Annular Passage OD (in) 33.27 33.19

Total External Heat Transfer Area 81.3 81.2

(££2) |

Hleat Exchanger Volume (in’) 1,559.8 1,606.9 :

Tubing Weight (1b) 23.74 23.71 ?

Manifold Weight (1b) 6.60 7.80

Support Weigh+t (1b) 4.00 4.€0

H-¥ Weight (1b) 34,34 36.11

Fuel Piping Weight (1b) 6.01 6.01

Total System Weight (1b) 40.35 42.12 }
}
!

81



.....

Table XIII. Operating Conditions for LP Turbine Cooling Air

Heat exchanger {(Single-Pass Cross-—Flow Configuration),

100% Engine Size.

Operating Point

Core Airflow, W25 (pps)

LP Turbine Coclant Flow
(pps)

Duct Fuel Flow (pps)

Core Fuel Flow (pps)

Total Fuel Flow (pps)

P3 (psia)

T, C R

Coolant Pressure (psia)*
Coolant Inlet Temp. (° R)*
Fuei Inlet Temp. (° R)

AT Fuel (° F)

6T Alr (° F)

(AP/P) Air (%)

AP Fuel (psia)
Effectiveness (%)

TFuel Max. (° F)

TWall Max. (° F)

* Stage 3 Bleed

Cruise
Des. Pt.
23.4
2.44

1.0

0.78
1.78
33.97
1,633
27.3
1,530
735

266.6
503.2
1.78
0.04
0.633
541.6
706 .4
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End of
Cruise
23.4
2.44

1.0
0.78
1.78
33.97
1,633
27.3
1,530
785
242.4
480.7
1.80
0.04
0.645
567.4
716.5

T/0

121.6
12.6

9.15
4.45
13.60
166.7
1,123
11R.0
970
619
76.2
173.7
1.42

0.495
235.2
314.4

End of
Accel
177.6
18.5

20.30
5.20
25.50
246.6
1,613
195.0
1,508
660
146.3
438.7
1.56
3.20
0.516
346.3
507.3

combat

32.0
3.35

4.0
1.03
5.03
45.85
1,625
37.0
1,524
685
162.1
555.4
1.61
0.20
0.702
387.1
513.7



Table XIV. Operating Conditions for LP Turbine Cooling
Air Heat Exchanger (Four-Pass Cross-Flow

Configuration), 100% Engine Size.

Cruise End of End of
Operating Point Des. Pt. Cruise /0 Accel Combat
| Core Airflow, W25 (pps) 23.4 23.4 121.8 177.6 32.0
; LP Turbine Coolant Flow 2.44 2.44 12.6 18.5 3,35
- (pps)
: Duct Fuel Flow (pps) 1.0 1.0 9.15 20.30 4.0
: Core Fuel Flow 0.78 0.78 4.45 5.20 1.03
: (pps)
l Total Fuel Flow (pps) 1.78 1.78 13.60 25.50 5.03
i P3 (psia) 33.97 37.97 166.7 246.6 45,85
: T3 (° R) 1,633 1,633 1,123 1,613 1,625
i Coclant Pressure (psia)* 27.3 27.3 118.0 195.0 37.0
l Coolant Inlet Temp. (® R)* 1,530 1,530 970 1,508 1,524
l Fuel Inlet Temp. (° R) 735 785 619 660 685
AT fuel (° F) 265,2 240.5 84.9 159.8 164.1
} AT Alr (° F) 499.9 476.2 195.0 483.4 563.9
(aP/P) Air (%) 1.94 1.97 1.60 1.72 1.73
AP Fuel (psia) 0.35 0.35 14.8 47.5 2.30
Effectiveness (%) 0.629 0.639 0.55¢6 0.570 0.719
Teoep Max- ° 540.2 565.5 243.9 359.8 289.1
'I‘walL Max. (° F) 581 600 257 287 413
Residence Time (sec) 6.15 6.00 0.96 0.46 2.39

* Stage 3 Bleed

83




Table XV. Operating Condition: fo, Duct Nozzle Cooling Air

Heat Exchanger, 100% Enginc S7ze.

Cruise End of End of

Operating Point Des. Pt Cruise Takeoff Accel Combat
Fan Air Flow Rate, WI (pps) 72.96 72.96 287.4 510.6 97.69
Coolant Flow Rate (pps) 2.30 2.30 B.65 16.3 3,08
Duct Fuel Flow Rate (pps) 1.0 1.0 9.15 20.30 4.0
Core Engine Fuel Flow Rate 0.78 0.78 4.45 5.20 1.03

(pps)

Total Fiel Flow Rate (pps) 1.78 1.78 13.60 25.50 5.03
Coclant Pressure, P14 (psia) 12.46 13.46 33.46 96.46 17.91
Coolaut Inlet Temperature, 764 764 223 746 756
T C0
Fuel Inlet Temperature (° F) 275 325 159 200 225

The heat exchanger was assumed to be located between the inner duct wall
and the compressor casing with the fuel circuit being upstream of the main
engine control. Thus, splitting and metering of the core engine and duct fucl
flow takes plic:e downstream of the heat exchanger. This approach simplified
the heat exchaunger design and is believed to be particularly justified on the
basis of the low fuel temperature rvrise limit set for this study and anticipated
relaxation in control component temparature limits that may result from future
advancements in technelogy.

The baslc heat exchanger configuration is a single-pass cross-flow design
similar to the single pass LP turbine configuration. Details of the design
are given in Table XVI and the resulting performance is given in Table XVIT.

Fvaluation of the duct nozzle cooling air fuel/air heat exchanger
indicated the following resuli..

o The duct nozzle cooling air supply temperature is reduced
297° F and the cooling airflow is reduced 29 percent at
the design peint.

o The maximum fuel tube wall temperaturc is 554° } whiclh occurs
at the end of cruise. Since the duct nozzle uses fan air
(764° F at crulse) for cooling, it follows that the fuel tube
wall temperatures cannot reach the design - riteria at 725° F.
Thus the usable fuel heat sink is restricted to approximately
60 percent of the available fuel lheat siuk in the duct nozzle
cooling air cooler.

84

L aeaad e o4, S

L amal e oA

T T P

e eaa



Table XVI. Exhaust Nozzle Cooling Air Heat
Ex hanger Design Summary, 100%
Engine Size.

Single Pags H-X.

Configuration
Tube 0D (in) 0.188
Tube Wall Thickness (in) 0.007
Transverse Spaciug (in) 0.343
Axial Spacing (in) 0.235
Heat Exchanger Axial Length Iin) 9.588
Number of Transverse Rows -
Number of Axial Rows 40
Number of Manifolds 2
Manifold Diameter, ID (in) 2.0
Annular Passage 1D (in) 27.0
Annular Passage OD (in) 30.43
Totel External Yeat Transfer Area (ftz) 73.8
Heat Exchanger Volune (in3) 1483.5
Tubing Weight (1b) 21,56
Manifold Weight (1b) 5.06
Support Weight {ib) 3.81
H-¥ Weight (1b) 30.43
Fuel Piping Weight (1b) 4.92
Total System Weight (1b) 35.35
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Tanle XWVIT,

Lxchanyer,

Operating Foint

Fan aAir Ylow, Wy (pps)
Duct Nozzle Cooront (pps)
Duct %uel NWozzie (pps)
Core Fuel Flow (pps)
Total Fuel Y'iow (pps)
Coolant Press., P]4 (psia)
Conlant ITnlet Temp. (° R)
tuel Inlet Tewp. (° R)

AT Fuel (¢ T)

AT Ajr (B

(AP/P) Air (%)

AP Fuel (psid)
Fifectlveness

° ¥

°

! fuel Max.

’ {(_ .
rwall Max

Cruice
Des. Ft.
72.96
2.3
1.0
0.78
1.78
13.46
1,224
735
156.2
290.6
5.05
0.04
0.607
431.2
538.13
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tnd of
Cruise
72.96
2.3
1.0
0.78
1.78
13.46
1,224
785
176.3
271.8
5.172
0.04
0.619
461.3
553.87

T/0
274.0
8.65
9.15
4065
13.60
23.46
6583
619
10.3
34 4

0.o2%
169.3
181.6

Opverat ing Condit .ons for Duct Nozzle Cooding Air Heat

End of

Ac. Combat
510.6 97.69
15.3 3.08
20.30 4.0
5.20 1.03
25 50 5.03
46.46 17.91
1,206 1.216
660 685
81.3 99 3
273.4 365.¢6
3.77 4.61
3.32 0.16
0,501 0.689
281.3 324.7
3182.2 411.9




o Mo Increase in casing diameter is required for the duct nozzle
cooling 1ir ccoler.

o The air-side pressure drop reaches 6.04 percent at takeoff
and represeats a potential problem due te the fact that a
porticn of the alr passling through the heat exchanger is
used for imner liner cwol' - in the duct burner.

o Fuel r1esilence tire in the heat exchanger ranges from a low
of 0.52 seconds at the end of accel to a high of 7.45 seconds
at tlie end of a rruise,

o The system vclume heat cransfer surface area and weight are
1,483 cubic ivrches, 73.8 square feet, and 44.74 pounds,
respectively. This is hased on 100 percent engine size.

Based on the heat exchanger results aivi performance for Study 2 (Jp-7
fucl supplied at 250" F maxiwmum to the aircraft/eagine interface), the heat
exchanger performance was derernined wsing three ungine councepts:

1. Baseline engine (GELl6/FLITE 1A) - does not use fuel heat sink
in turbine ccoling civcuits.

2. Jageline plus ducc nozzle coolang aii cooler - the fuel heat sink
is used to reduce the ccoliug ale quantity required by the dact
burner exhaust nozzle. The fuel/air hz=at exchanger is lo-ated in
the cavity between v%2 fan duet inner wall and the compressor
cising.

2. Baseline plus low pressure (LP) turbine cooling air cooler- the
fuel heat sink is usnd to reduce the cooling air quantity required
hy the LP turbiue vanes and blades. The fuel/air heat exchanger
s located iun the interstage bleed alr duct above the core cembustor,

The relative performance of the three concepts are shown {n Table XYI1Il
at various opcrating corditions. Based on these results, the following points
are noted:

1. fased on the pevformance results shown in Table XV, the LP turbine
cooling air cooler concept 1is superior to the duct nozzle cooling
alr covoler concept. At the engine sizing point the alrflow size
can he reduced by 1.5% through vse of a LP turbine cocling air cooler.

2. The veduction in engine SKFUC with an LP turbine cooling air cooler
avevages (.37% for the four operating conditions shown in Table
XVITL.
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B. Thermal Analysis

B.1 Study 1

Figure 41 shows the filuid system schematic for Study 1. This study permit-
ted the mazimum fuel temperature to the engine to be 250° F. An analysis of
the heat sink requirements for che aircraft produced the aircraft/engine inter-
face fuel temperature profile shown in Figure 42, The critical cooling region
for the aircraft systems occurs during idle-descent where the fuel temperatures
reach the 250° T maximum level. This phase of the mission is also where the
maximum engine f{uel temperatures are achieved. Coupling rthese results would
produce severe overtemperature conditions in the fuel during idle-~descent
without effective countermeasures,
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As wirh th: bareline engine, this wodification to the engine fuel delivery

~

?Z system invel :he, Jefinition of a fuel recirculation system to provide addi-
. tional neat :.’uk during idle-descent. This system involves a modified main ’
g‘ engine coutcol to include a check valve, a solenoid~actuated shut-off valve, a

fuel tewmperature sensor and logic tie-in that 1s initiated from power lever

pcsition aad fuel temperatu~e entering the control. A [ixed orifice, sized y
¢ for maximum recirculation fiiel flow at the initiation of idle-descent, main- b
tairs 300° F maximum fuel tzmperature recirculating to the aircraft main feed
" +ank. i
4
- 1
x‘ The inccvporation of the fuel reclirculation system resulted in a weight
[ penzlty of 2.9 pounds in the ergine fuel systeu, slight additicnal weight in

the aircraft fuel system and produced about a 7° F tempuraturc rise in the main
feed tank. 1he maximum recirzulation flows and frel weight increments required
with =ach o0 the candidate lubricauty are indicated in Table XIX.

Table XIX. Mission A/Study 1 Recirculation Fuel Flow Rates, 129.757 Lngiue Size.

et 2 o SR

\ Maximum Recirculation Fuel Weight
o Lube/Hydraulic Fluid Fuel Flow (pph) Increment  {1b)
AIL-L~27502 4,520 315
, 500° F kster 4,300 301 !
’ Folyphenyl Ether 4,150 291 !
é’ Perfluorinzted Polyether 4,000 280 %

T

- The definition of the GELG/FLITE-1iJ3 fluid power sveiew remalned the same
" as that defined for the baseline. An ivnvestigation of .he ure of the four
lubricants as hydraulic {luids produced the weight effeccs shown in Teble XX.

ln the GEL6/FLITI~1B eugine lubrication system, englne volumetric oil flow
wdas allowed Lo remain the same for each lubricant. System optimizutlion with
the higher temyperature lubricants was accomplished by the removal of heat shields
and insulation and by scaling the ifc sump cooling air fuel/air cooler.
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This cooler is located in the duct preburner fuel line where the fuel and
air flows achieve the balance necessary for satisfactory heat exchanger perfor-
mance. The cooler requirements for each of the four lubricants is shown in
Table XXI. No cooling is required for the perfluorinated polyether nor is
there sump air cooling required for any of the lubricants during ille descent.
The elevated oxidative stability of the perfluorinated polyether permits the
removal of the heat shield on the aft wall of the forward sump, however, its
high vapor pressure necessitates nonvented sumps. In these sump designs, the
carbon seals are used as air seals. New labyrinth oil seals are added with the
intevmediate cavities vented overboard to ambient pressure.

Lube system weight changes for the four lubricants are summarized in Table
XXII. A summary of the total engine weight change for the four candidate lubri-
cants is given in Table XXIII.

Figures 43 through 46 depict the results of flying the mission with each of
the candidate lubricants. The fuel recirculation for each lubricant is maintained
for the first five minutes of idle-descent. This recirculation permits operation
of the system during idle-descent with the fuel delivery, fluid power and lubri-~
cation systems all operating within their respective thermal limits.

B.2 Study 2

Study 2 requires the use of JP-7 fuel at a maximum inlet temperature of
250° F with each of the candidate lubricants. This fuel change permits an
increase in the maximum fuel temperatures to 700° F.

A schematic of the GE16/FLITE-1C system is shown in Figure 47. The system
is essentially the same as the Mission A/Study 1 system with the exception that
an additional fuel air cooler was added upstream of the fuel control to utilize
the additional temperature capability of JP-7 fuel. This cooler accepts 15.67%
of the compressor third stage bleed air and provides cooling air for the LP
turbine. The fact that the heat exchanger can be located upstream of the con-
trol simplifies the heat exchanger design in that all splitting and wetering of
the core engine and duct fuel flow takes place downstream of the heat exchanger.
The engine fuel control is a laminated plate, titanium-body design that permits
the elevated fuel temperatures. Stainless steel piping and manifolds are required
for the high temperature requirements.

The GE16/FLITE-1C fluid power system design remained essentially unchanged.
For the polyphenyl ether and perfluorinated polyether lubricants, the design
of the integral hydraulic pump was modified to include a stainless steel
housing and stainless steel seals. Stainless steel piping was required to
handle the higher temperature capability of the perfluorinated polyether.

The GE16/FLITE-1C engine lubrication system also remained essentially
unchanged from the Study 1 design. Nonvented sump designs are still needed
for the perfluorinated polyether lubricant to offset the deleterious effects
of its high vapor pressure.
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Table XXI. GE16/FLITE-1B Fuel/Air Cooler Requirements,

Design Flight Condition
WAIF = 0.00241 x 1.24 x 23.4 = 0.070 ppPs
TBLD3 = TAl - 1,072° F

A B < D
Q (Btu/min) 358 234 100 0
ATair (° 329 214 91 0

hi TAZ D) 743 8538 981 1072
TASP (° ¥) 828 920 1019 1092

A = MIL-L-27502
B = 500° F Ester
C = Polypheuyl Lther

D = Perfluorinated rolyether

TAl = Cooler air inlet temperature
TAZ = Cooler air discharge temperaturce

TASP =  Air temperature at sump (Includes
heat plckup in piping)

NAt
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Table XXTI. GE16/FLITE-1B Lube System Weight (Variable Items Onlvy).

MIL-L 500° ¥ Polyphenyl Perfluorinated
Parameter 27502 Ester Ether Polyether

Fuel/Alr Cooler (1lb) 10.7 7.0 3.0 0
Lube & Hydraulic Coolers

(1b) 14.7 9.4 7.0 5.6
A" Sump Aft Wall Heat
Shields (1b) 1.2 1.2 1.2 0]
Fluid Weigkt (Tank Fili 20.6 24,0 28.6 39.6
Volume + 1.0 gal. "lost"
oil @ 80° F f£11] Temp.)

(1b)
Lub/Hydraulic Tank (1b) 17.4 18 .4 18.1 17.4
Additional Hardware 0 0 0 11.8
for Nouvented "A" Sump

(1b)
Additional Hardware for 0 0 0 7.9
Nonvented "B' Sump

(1b)
Totaul (variable 1items) 64.6 60.0 57.9 32.3
(1b)

f. Weight (1b) - ~4.6 -6.7 +17.7




Table XX11I. Summary of GE16/FLITE-1B Engine Weight Changes for the

Candidate Lubricants, 129.75% Engine Size,

FLITE~-1B MIL-L Hypothetical

Polyphenyl Perfluorinated

JP-5@250° F 27502 Ester Ester Polyether
Fuel System (1b) 0 0 0 0 0
s
} Fluid Power {(lb) - 0 0 +1.62 +15.13
, Sy=tem
] Lube System (b) - 0 ~4.6 -6.7 #17.7
]
t
tngine Cycle (1b) 0 _— — — _—
: Total A Weight 0 0 ~4.6 -5.1 +32.8
(1b)
!
;
3
96




R P T neR T RS T

*2062Z~1-TIH ‘S8T¥¥0id T8WIayl §7-ALITd/913D '€V 21n3ud

3SVYHd NOISSIWN

k.

T

-+

: —3
+*

A

t
’h
1
+
i
1

S
>

G901

‘IHNIBY3IdWIL

X
[
R
1)
0002

, " r\ -
nﬁ\\\\l\&v\\ & ™
m ~
4182 m
S
om
S
-
15
S0
(=)
J23$2g-2[P] JO SOINUTW DATS -
1811} Sujinp uojile[n>1yday
[
PINTd IT[neIpky 206/Z~T-TIH +o
aueaaqny 20SLZ-T-711H s

740 Sdf T AQNLS/V MOISSIW

dK3l AT4dNS GINTI JTNEHOLH
SA431 FONABIS O0INTVY IITINESTAH
ddil A1ddNS D

4431 FON3ABIS 110

SHIL 3N N1ZZ0N INIONI JUDS
JAIL W=0d 13TNT INIONZ

Ot G X X+




12353 4 ,00C ‘Se1rJoad lewldyl gI-ALIT4/914D “bb 2dIndty

dSVHd NOISSIN

+
4—

|

—
—— r— i
al
l 0
R
Mr ' MJUWW
k— w [ |/ 183
- t :. o o m
Yy, m
o
®8
_w<j
| oc
\ 5]
m
m
[97]
=
A‘-D.IJ
o
0]
>
Dt
o
U
+4_
o
U‘l
[=1d
Lro
o
13

dW3l AWd4NS GINTS DITNHYOAH
dW3l FONIAYIS O0INT4 IINBYHOLH
didl A1ddNS 10

dW31 IENIAHIS 10

dW3l T3NJ 3TZZON INISNI FHQI
on3l 13N LITINT INTSONI

JUANSAI-3[P] 10 SOINUTW
3AT] 31§11} JuTinp UOTiIB{NII1D2Y
PINT4 DTINEIPAY FOIST 4,_00S

wWedIqry 19383 3,006

OBl X¥+

1IN Saf 1 AANIS/Y KOJSSIN

98

coam s e an

i e mee e onbimappee ot

‘o pente

o ab e 5 e L 3.0 1 £ A AL+ A L 8 b o] ki S A A B4 b i

W gy aiamaeas



c1ay1g (fueydijog ‘sayijord 18udSdl HI-GLIMd/¢ (4D  Eh dnfld

JSVHd NOISSIK

3 4 4 . —
+ t + =
-0
o
H
: '
i

-
-
T

1»
T+

—T
h 4

99

dH2i 174dNS QINT4 JITNYYOLH
JH3L JONSAHIS 01N J1INLYSAH
dd3l AddnS 110

dW31 JENIAHIS 110

JWdL 33Nd 31ZZON INISNI 349]
dH3L 13nd 13N] 3INIONI

00°9L

JUeosaAg-aTPI 3O S inutuw

3ATJ 318313 Sutinp UOTIBINOATISY

pPIN[d OT(nEIpAY 42Ul 14uaydirod
juesTIqNT JAY3y T[Ausvditod
EInd Gdr 1 AQNLS/V NOISSIA

o4 XK+




S RWTEEM P TR T L L A A e ot A S

*I3yjad1od pajBullonyjiag ‘saiyjoid tewidy, g1-ILiTd/9130 9OF 3Indry
ASYHd NOISSIN
L A L 3 4 4 * 0 \w Py

4

Py
lk«~~——4h1_,

Sl 8

UNL32{NDI133Y SajiPuTy ¢
FINTJ 2tineipdy
1243174 10d peleutaon{yraog
JUBITIQNT T2y iaf{1d paleuT.nN]1I34
TI0d ©d0 1 ATALS/V HOUISSIN

JH3L AddNS 0in7d J1NLYOAN
dW3l FINIAEIS OINZ 21 HUOAH
dridl AddNS 10

dd3l FONJAHIS D

431 3Nd 3TZI0N INION2 340D
dW3l Tand L3TINT 3NISN3

©EdX ¥+

~ -
L

Wt -

-—-étab
00701

e
00°0E eo-e2
“JENLIUY IR L

e

€0 oh
4 5434330

00° 05

0ix)

100




-5>ypewoyos w33SAg pInld g £pnis/V UCISSIN  LP oandtd

laquey) UoTISNquol

sa1zzoy Iend

IuLlu,S 1apaay 1[-eadtd

— — — — ————
—— - ——— —— — — s ===t sunee

mznﬂmmmlz 3uty uowuﬁlﬁlm _l {1ddng 1om3
b iy R N _
I
o | R
5z _ |
T = ﬂ dung M )
M W .Q|‘|| - - r )
_ T _ _ _ 1soog { N
[ _ TeSny1a3us) |
4
i
By dd 33 _
d A _ WUHﬂOhVUM»Hu_m !
_ _ pa{00D-1374d, |
| I i _
i @
i ,
.

uanioy ssedig

|
dung ! T
xaH X8y xeH B Y L. )
ITy/YPNg} PAH/ 1N Tro/1end TednyiIiual I103BUIDITY
pazajinyg § patoud-1°nd

-—4¢ JI22TTd

&

[o13uc) W/H - 3

Bkl e ATt PRSP

101




A summary of the engine weight changes for the use of the four candidate
lubricants in the GEl6/FLLITE-1C engine is shown in Tablie XX1V.

Table XXIV CE16/FLITE-1C Engine Weight Changes for the Candidate
Lubricants. LP Turbine Fuel/Air Cooler, 129.50% Engine Size.

Lubricant/Hydraulic Fluid

500° F Polyphenyl Perfluorinated
System MIL-1~27502 Ester Ether Polyether
Fuel 80.9 1b 8C.9 1b 80.9 b 80.9 1b
Fluid Power 0 0 6.9 38.0
Lubrication 0 ~-4.8 ~7.0 18.0
Total 80.9 1b 76,1 1b 80.1 1b 137.5 1b

Although the maximum fuel temperature has been increased tc 700° V¥, recir-
culation during idle-descent is still needed to malflntained the lubrication
sytem and fluid power system temperatures within the operating temperature
limits defined tor cach of the candidate lubricants., These recirculation flow
rates and their associated fuel weight penalties, summarized in Table XXV,
follow the treund of the bulk oil stability temperatures more significantly than
the predecessor GEL6/+L1TE-1B system as the fuel no longer requires the clevated
temperature protectior .

Table XXV. Mission A Study 2 Recirculation Fuel l'low Rates,
129.50% Eugine Size.

Mirx, Weight
*low Rate Duration Increment
Lubricant (pph) (nin) aw
MIL=-1-27502 4,250 3 212
500° F Ester 3,500 2 117
Polyphenyl Lther 2,800 2 93
Perfluorinated 2,000 1 B R

Polyetier

Figures 48 through 51 depict results of flying the mission with JP-7 {uel
and with each of the candidate lubricants. The fuel recirculatien is maintalned
after the initiation of idle~desrant, canging from a maximum of 3 minu:ns for
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the MIL-L-27502 lubricant to a minimum of 1 minute for the perfluorinated
polyether. This recirculation again permits operation of the lubrication and
fluid power systems during the critical heat sink util.zation phase of the
mission.

B.3 Supplemental Study

As a perturbation of the Study 2 effort, it was decided to investigate
the use of the JP-7 heat sink by the airframe. This was in line with the desire
to determine the optimum method of heat sink utilization for the mission.

Figure 52 shows the GE16/FLITE-2D fluid system. This system uses JP-7
fuel at a maximum inlet fuel temperature of 350° F, having replaced the LP
turbine cooling air fuel/air heat exchanger of Study 2 by a modified aircraft
ECS. An engine gear driven refrigeration unit weighing approximately 8 pounds
is necessary to cool the alternator and electronic control as a maximum of 280° F
mnst be maintained in these components to provide adequate reliability.

A summary of the fuel delivery and fluid power system weight changes is
presented in Table XXVI. The lubrication system weight remained unchanged
from that defined for Study 1. A summary of the total engine weight changes
for the use of the four candidate lubricant and hydraulic fluids in the
GE16/FLITE-1D engine is shown in Table XXVII.

Figure 53 shows the interface fuel temperature profile for the modified
aircraft ECS design that permits the replacement of the ram air heat exchanger
while allowing the maximum interface fuel temperature tou rise to a maximum of
350° F. The GF16 thermal model was executed using this profile and 500° F
ester lubricant and produced the system tempevature profiles as shown in Figure
54. Allowing the interface fuel temperature to rise produced approximately a
twenty four pound weight penalty to the engine when compared to the baseline
GE16/FLITE-1A design. This weight addition was due primarily to piping material
changes from titanium to stainless steel and to provide thermal protection for
the electronics. The recirculation fuel flow during idle descent was reduced
from 3,500 pph tc 2,700 ppk maximum for the same 2 minute duration periocd.

Table XXVII. GE16/FLITE-1D Engine Weight Changes for the
Candidate Lubricants, 129.50% Engine Size.

Lubricant/Hydraulic Fluid

500° F Polyphenyl Perfluorinated
System MIL~-L-27502 Ester Ether Polyether
Fuel +17.6 1b +17.6 1b +17.6 1b +17.6 1b
Fluid Power 0 5.8 6.5 38.4
Lubrication 0 -4.6 -6.7 17.7
+17.€ 1b +18.6 1b  +17.4 1b +73.7 1b
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G. Interceptor Design and Performi ce

The program ovbjective for the mission fnterceptur evaluatlon was the com-
parison and ranking of the effects of fuer and iubricants selection on englne
performance and resulting interceptor performance. A JP-3 fueled GEL6/FLITE-
18 engine and a JP-7 fueled GEL6/FLITE-1C engine wer.: evaluated in Study 1 and
study <, as shown in Table XXVIILl, for the matrix of four engine lubricauts at
an engline/airframe interface temper.ature of 250° F  Because both fuels inves~
tigated were limited to the same interface tempcrature, the alrframe subsysvem
performance and weights are identical for both intercepturs. The resulting
interceptors therefore provide a direct weasure of the impact of engine perfor-
mance on alrcraft size,

Table XXVIII. Mission A Summary.

Study

o 1 2
Engine—GElb/FLlTE— 1B 1C
Fuel Jpr~5/8 Jr-7
Lubricant Polyphenyl 500° F

ether ester

Engine Weight (1b) 3,195 3,276
100% uninstalled
Engine/Airframe Inter- 250 250
face Fuel Temp. (° F)
Fucl Loading Tenp. Ambient Ambient
Fuel Density (lb/ftj) 51.8 51.8
@ Loading Temp.
ECS Type Alr Cycle Air Cycle
ECS Weight (1b) 1,025 1,025

The 1increased {uel heat sink available with the JP-7 class fuel (Study 2)
provides dmproved engine thrust and SFC relative to the use of JP-5/8 fuel

(Study 1). The net result of rthe engine performaunce changes s an approximate
1000 1b reduction In aircraft TOGW.

s nf e .




The influence of lubricant selection on engine weight and resulting inter-
ceptor performance is of second order as compared to fuel effects with the
exception of perfluorinated polycther. The minor weight variation discussed
in subsequent sectious cannot be considered of enovugh significanze to permit
specific lutricant selection recommendations.

C.1 1Interceptor Design

The converged mission interceptors are 1llustrated in Figure 55. These
configurations were sized for the FLITE mission. Major system characteris+ics
are presented in Table XXIX.

Table XXIX. Mission A Performance Characteristics

Study 1 Study 2
Wing Area, includin- Tips 1,074 EL2 1,056 ftZ
Take-~off Gross Weigh. ¥70,000 1b 69,000 1b
Fuel Fraction 0.50 0.50
2 GE15/¥LITE Euglnes -1B ~-1C
Thrust each, SLS (33,975 1b) (33,850 1ib)
uainstalled
Truel Jt-5/8 Jvr-7
Lngine/Alrframe
Interface Fuel Temperature 250° F 250° F
Engine Lubricant Polyphenyl 500° F
Ether Ester

A decrease of ¥ 1,000 b in the take-off gross weight for tne Study 2
alreraft reflects che lmprovements iv engine performance obtained througn the
use of the higher heat s*nk capability available with a JP-7 class thermas
stabllity fuel, 7The crew, avionics, payload, and inlet sizing c¢ritcria are
identical for all the Missinn A interceptors.

.2 Mission Performance

The GEL6/FLITE-~-1A propulsion system described in Section IT1 was modified
to reflect changes in fuels and lubricants for Study 1 :nd Study 2.

The change from MIL-L-27502 lubricant for the reference size bascline
engine to polypheny! ether for the Study 1 GE.6/FLTITE-1B engine resuits iln no

113
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chz 1ge in pe: “ormence chacteristics and only a slight change in engine weight
due to chaages in the lubricant and fluid power system, Table XXX. Using

JP-7 fuel and 500° F ester lubricant in the GE16/FLITE-1C, however, provides

an increase iIn thrust and engine weight and a slight reduction in specific fuel
consumption when compared tc the GE16/FLITE-1B as shown in Table XXX. These
changes in engine performance are achieved through utilization of the increased
JP-7 heat sink to reduce the low pressure turbine cooling air requirement.

The air induction systems are identical to the baseline vehicle discussed
in Section III. “ihe airflow for each alternate engine remained unchanged from
the reference size baseline engine, permitting the inlet to remain unchanged
in size and performance.

Installed engine performance is presented in Table XXXI and SFC ratios
relative to the GE16/FLITE-1B engine at selected mission segments. Although
the uninstalled weight for the ~1C is greater than the -1B weight, the improved
SFC's and engine thrust for the GI16/FLITE-1C engine reduced the interceptor
TOGW by *1,000 1b and reduced the inectalled engine weight by 35 1b.

Table XXX. GE1l6/FLITE Engine Characteris*ics.

GE16/FLITE~-1B GE16/FLITE-1C

Fxﬂax (SLS) (1b) 26,160 26,800
SFCmax (SLS) (1b/hr/1b) 1.96 1.95
Airflow (SLS) (1b/sec) 2.77 2.77

height* (1b) 3,195 3,276

Fuyel JP-5/8 JP-7

Fuel Interface Temp- °F) 250 250

erature

Lubricant Polyphenyl Ether 3500° F Ester

* Includes nozzle, engine/nozzle controls and accessories.
Excludes airframe mounted accessories, accessorv gear box and starter.

Table XXXI. GEL6/FLITE Installed Performance Characteristics.

GE16/FLITE-1B GE16/FLITE-1C
Mission Serment FN/FN SFC/SFCRef FN/FN ) SFC/SFCRef
Ref Ref
SLS 1.0 1.0 1.025 0.997
Acceleration 1.0 1.0 1.015 0.995
Combat 1.0 1.0 1.015 0.996
Cruise 1.0 1.0 1.027 0.999
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C.3 Alternaire Lubricants

The influence of lubricant selection on engine weight for both the GE16/
FLITE-1B and GE16/FLITE-1C engines ls presented in Table XXXIT. These welghts
were used to select polyphenyl ether and 500° F ester as the best lubricaats
for the GE16/FLITE-~1B and GE16/FLITE-1C engines respectively. The .lnor varia-
tions in engine weight between MIL-L-27502, 500° F ester, and polyphenvl ether
results from small chunges In both the engine fluid power and lube system weights
to accommodate the variation in lubrilcant bulk temperature capabllity and physi-
cal properties, Due to perfluorinated polyether's low bulk modulus, a sizable
increase in fluild power system component welghts was incurred, The high vapor
pressure of perfluorinated polyether and attendent high oil consumption in a
vented lube system also required the use of a non-vented system which caused
an additional weight increase.

Table XXXII. Engine Welght Sensitivity.
100% Engine Size

SLS Alr Flow = 277 pps

500° r Polyphenyl Perfluorinated
MIL-1-27502 Ester Ether Polyether
GE16/FL1ITE-1B 3,200 3,195 3,194 3,232
GE16/FLITE-iC 3,281 3,276 3,281 3,337

These "best'" engine/lubricant combinations were then perforwmed and the
impact of alternate lubricants on TOGW determined as sensitivities to the por-
formed udrcraft. The variations in aircraft TOGY to account [or the changes In
engine welght arising from the use of alternate lubricants are preseunted in
Taple XXX1I1. Although polyphenyl ethe= and 500° F ester provide the ligh:iest
Study 1 aund Study 2 interceptors, respectively, usc of the alternate labricants
with the exception of perfluorinuated pelyether imposes only minor woeight penalties
(less than 50 1b).

Table XXXIT"L. 1mpact of Lubricant Selection on Intercentor Si.c.

500° ¥ Polyphenyl Perfluorinated
MiL-1L-27502 Ester Ether Pc lyether
ATOGW Study 1 (1b) 0] -50 ~50 +320
(GE16/FLITE-1B Engine)
ATOGW Study 1 (ib) 0 -50 0 +450
GF16/FLITE~1C Engine)
ATOGW = TOGW - TOGW

MIL-L-27502
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C.4 Thermodynamic Characteristics

Both Studies ). and 2 were based on maximum interface temperature of 250° F
with the differences in available fuel heat sink reflected in engine performance.
An analysis using the airframz heat loads summarized in Table II and engine
fuel flow rates typical of each mission phase, results in the fuel temperature
profiles presented in Figure 53. Based on an initial fuel temperature of 100° F,
engine fuel demands are sufficient to maintain the engine/airframe fuel inter-
face below 250° F except during the descent phase of the mission. During the
initial stages of descent, sufficient fuel is pumped from the feed tank to absorb
the airframe heat loads without exceeding 250° F with the excess fuel recirculated
to the feed tank. The combined effects of heat transfer to the fuel due to
recirculation and aerodynamic heating results in a bulk fuel temperature rise of
only 35° F,

C.5 Supplemental Studies

The primary intent of the mission evaluation was to determine the perfor-
mance differences resulting from the use of JP-5 (Study 1) and JP-7 (Study 2)
with the matrix of four engine lubricants. This evaluation was performed with
an engine airframe fuel interface temperature of 250° F for both the JP-5 and
JP-7 fueled configurations. As the interface temperature is the same for both
fuels, the increased heat sink capacity of JP-7 was used to improve engine per-
formance without regard to airframe system design. Use of JP-7's higher heat
sink to improve engine performance provided an approximate 1,000 1b reduction to
TOGW relative to Study 1.

A supplemental study was performed to determine if a higher allowable
interface temperature would enable simplification and/or weight reduction of
airframe systems. To take advantage of the increased fuel heat sink capacity
of JP-7, the Mission A interceptor ECS was modified to use only fuel as a heat
sink thereby eliminating the need for ram air. Figure 52 shows that by proper
fuel wanagement (recirculation) fiel can be delivered to the engines at or
below 350° F without an excessive increase in stored fuel temperatures. Further
increases in interface temperature to a value higher than 350° F offered no
signhificant advantage.

An ECS weight reduction of 240 1b was achieved by (1) replacement of air-
to-air heat exchangers with liquid-to-air heat exchangers; and (2) elimination
of the ram - ‘r ducting system. A slight increase of 15 1lb in fuel system weight
--as incurred due to an increase in fuel line length to accommodate addition of
the primary fuel-to—air heat exchanger. Because of the higher engine fuel
temperatures attendent with a 350° T fuel interface temperature, modifications
to the GE16/FLITE-1A engine resulited in a 22 1b weight increase for each 100%
engine. Elimination of the requirement ror ECS ram air cooling resulted in a
decrease of 17 reduction in inlet capture area and deletion of the ECS drag
increment from the total air induction system drag.
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The net result of these changes is a decrease of 1,200 lb in TOGW relatlive
to the Study 1 interceptor. Since this weight reduction exceeds that achieved
Ly using the higher heat sink of JP-7 te improve engine performance, this con-
cept provides a movre attractive interceptor.

Au additional evaluation was performed to assess the potential benefits
of using precooled fuel (0° F), liquid-cooled avionics, recivculation of
cockpit air, aud a direct sink ECS, Using interceptor sensitivities to account
for changes in ECS weight engine btleed air, and increased fuel deusity, a
reduct lon of 9,500 1b would be expected. A breakdown of these effects relative
to Study 2 1s presented in Table XaQ1V.

Table XXXIV. Mission A Precovoled Fuel Welght Summary,

ATOGW (1b)

AECS WE = =635 1b -2,540
AFuel Density = +1.2 lb/ftj ~-500
ATOGW due to eliminution of Ram 325
Adr

Akngine Bleed Air = 97 ppm -1,135
Total ATOGY -4,500

This anwlysils 1y bused on first order effects and represents an approxi-
mate weight reduction which can be obtained by using precooled fuel.
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SECTION V

MISSION B RESULTS

A, Utilization of Fuel Heat Sink

Heat Exchanger Designs

Studics were miade to determine the potential use of excess fuel heat sink
for cvooling combustor and exhaust system components in the GEl4/FL TE-2A engine.
I'Mis excess fuel heat sink was considered to be the difference between the
maximum pevmissible tfuel temperature, as listed in Table XXXV, and the fuel
temperature at the exit of the main engine control.

Table XXXV. Mission B Maximum Fuel Temperatures.
) T °F
Miusion Fuael fuel max Comments
B Jr-4/5/8 475 Several Misslons/(Cleanable
Jp--7 700 Several Missions/Cleanable
Jp-7 1000 Research T.evel

Frem 4 screenlny of engine operating points along the flipht path, 1t was
established that the limitine Mission B fuel heat sink occurs at supersonic
cruise where the fuel {low rates are reduced and where the fuel delivery temp-
erature is highest. rhe fuel temperature rise usable as a heat sink for cooling
combuste - and exhaust system comvonents 1s shown {n Table XXXVI.

Table XXXVI1. Milssion B Available YVuel Heat Sink.

TFueL Interface rH~X in TAllow. A 1.‘\vnil.
Study - _Fuel R L e R
Rase Jp-5 210) 250 375 1.5
1 Jr-4/5/8 150 200 375 1/5
2 Jr-5/8 250 300 375 175
3 JP-5/8 350) 450 375 175
4 Jp-7 250 300 600/1000 300/700
5 Jp-7 350 400 600/1000 200/609

(1) - The listed allowable tuel temperatures are based ou a fuel/wall
temperature criteria and the assuwmption that an approximate
00-150° ¥ .\T exists between the fuel and its wall temperature.

Two candidate concepts were investigated for the uti{lization of the fuel
heat sink in the Mission B studles. These were the following:

1. Direct fuel cooling o the exhaust nozzle plug.
2. Ram burner liner cooling air cooling.




The above two concepts represent tvpical application «{ fuel heat sink utili-
zation in engine applications and were selected to realize benefits from engine
design and/or cycle efficiency considerations. Specificalliv, direct fuel cooling
of che nozzle plug was selected as the solution to solve the complex design problem
in the baseline engine of how to practicallyv utili-= excess fuel heat sink.
Cooling of the nozzle plug in the baseline engine is accomplished by the use of
compressor discharge air. At operating points on the flight map where the core
engine is shutdown, cooling of the aft region of the air-cooled plug requires the
use of ram air. The use of both compressor air and ram air for plug cooling
therefore requires the use of a dual cooling system. This presents considerable
difficulties, both from mechanical and thermal design considerations. The
consideration of the use of fuel to cool the plug not only centributes to some
improvement in cycle efficiency, but also offers a reasonable solution co an
otherwise difficult design problem.

Fuel cooling of the ram liner cooling air was selected upon evaluation of
the maximum cycle benefits that can potentiallv be realized from this application.

The results of these investigations established the feasibility of direct
fuel cooling of the aft region of the e haust nozzle without exceeding presently
established temperature limits for JP-7 applications. Cooling of the ram burner
cooling air resulted in an average coolant temperature reduction of 425° F with
a corresponding reduction of 507 in coolant flow rate at the engine sizing point.

These two cooling concepts were considered ror use with each of the four
studies of Mission B. Comparison with the GEl4 thermal model results fo.
Mission B/Study 1 (JP-4/5/8 @ 150° F) and for Mission B/Stnudy 2 (JP-5/8 @ 250° F)
indicate that both of these engine systems have onlyv marginal heat sink capacity
to justify the inclusion of either the exhaust nozzle or the ram burner liner
cooling air heat exchanger concept. Furthermore, during ramjet idle-descent,
the fuel temperatures at the combustor nozzles are in the range cf 400° T to
450° F even with fuel recirculation. The additional heat load imposed by the
ram burner or exhaust nozzle concepts would force the fuel recirculation fuel
flow rates to rise to unacceptable leveis. Therefoure, the use of the two heat
exchanger systems was considered feasible only for the Mission B studies utilizing
JP--7 fuel. Mission B/Study 3, JP-7 fuel at 250° F maximum engine inlet fuel
temperature, was considered as the desigr reference condition for the heat ex-
changer concepts. The extension of the results to Mission B/Study 4 (JP-7 1 350° F)
was a straight forward process.

System 1 ~ (Exhaust Nozzle Plug Heat Exchanger)

The f: el heat exchanger for the divergent portion of the core exhaust nozzle
plug and the heat exchanger design is shown in Figure 56. This design incorporates
the basic features of the X-370 Ramburner/Afterburner fuel heat exchanger that
was successfully demonstrated in a one-half scale model test. (Reference 17).

The heat exchanger consists of a conical plug with a 0.022-inch nominal skin

thickness wrapped with 0.375-inch diameter i-.bes having a 0.010-inch wall
thickness. These *ubes are helically wound around the plug and serve as the
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fuel heat exchanger and the means by which the plug structure is cooled. There
are eight tubes in parallel that are connected through the plug at each end to
four 0.50-inch supply tubes and four N.50-inch return tubes. Four of the

16 turbine frame struts are used for the four fuel supply tubes and four other
struts are used for the four fuel return tubes. Heat shields are applied to the
hot-gas side of the heat exchanger to control the heat transferred to the fuel.

The heat exchanger tubes are brazed to each other and the heat shields are
brazed to the tubes with the ends of cach shie'd held between the plug flanges.
The tubes are not brazed to the plug structural skin and a radial gap of
0.030-0.060 inch between the skin and tubes allows for differential growth
between them. The plug is vented with compressor second stage air that
pressurizes the plug to keep it in hoop tension.

The material selected for this design was René 41C to provide the lightest
weight design. The associated weight increment to the baseline engine config-
uration is summarized in Table XXXVII.

Table XXXVII. Exhaust Nozzle Plug Heat Exchanger Weight Summary,
100% Engine Size.

Component Weight

Fuel Supply Tubes 0.8 1b
Cooling tubes 21.7
Jumper Tubes 0.2
Fuel Return Tubes 1.3
Fittings 0.7
Clamps & Brackets 0.8
Nuts & Bolts 0.4

Total 25.9 1b

Fuel side pressure drop and heat transfer coefficients are a function of
the fuel flow rate gas unit flow area. Hence, fuel tube diameters and the
number of fuel tubes required were determined by the allowable pressure drop
and fuel tube surface temperature. The present design considers the use of
JP-7 fuel and is based on a maximum allowable surface temperature of 700° F.

The exhaust nozzle plug heat exchanger design operating point was selected

to correspond to the maximum heat load conditions encountered in the flight map.
Some of the pertinent cycle data are tabulated in Table XXXVIIT.
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Table XXXVIII. Exhaust Nozzle Plug Heat Exchanger Design Point Cycle
Operating Conditions.

1002 Engine

Tg (° R) 4,199
S, B 4.170
P8 (psia) 115.9
P 8 (psia) 89.8
w28buct (pph) 41,000
W, (pph) 40,500

The plug surface pressure distribution and calculated heat transfer
coefficients and heat fluxes based on the above distribution are shown in Figure
57. The heat transfer coefficients were calculated using Eckert's veference
enthalpy mechod (Reference 18) and are based cn turbulent flat plate correlations.
The heat fluxes shown include gas radiation which was estimated at about 107
of the total heat flux. The basic operating characteristics of the heat
exchanger are shown in Table XXXIX.

The original design concept envisaged the use of the core engine fuel to
cool the region of the plug up to the nozzle throat and the ram burner fuel
aft of the nozzle throat. From heat sink availability considerations, this
concept was established to be feasible, resulting in 130° F and 170° F temper-
ature rise for the core engine and ram burner fuels, respectively, at the design
point. This concept, however, resulted in difficulty in the ccoling of the
aft region of the plug at operating points where the ram burner is shutdown.

Table XXXIX. Fuel Cooled Nozzle Plug Heat Exchanger
Operating Characteristics

100Z Engine

Tube Diameter (in) 0.375
No. of Tubes 8
Tube Length (ft) 7.0
Max. Surface Temperatures

Brase Filled External Tube Design (° F) 652

Braze Internal Tube Design 610 5
Max. Heat Flux (Btu/hr ftZ °F) 7.1 x 10
Gas Side Heat Transfer Coefficient
(Btu/hr ft2 °F) 230
Fuel Side Heat Transfer Coetfficient
(Btu/hr ft2 °F) 2,200
Total Heat Load (Btu/hr) 4.80 x 104
Fuel Flow Rate (pph) 4.05 x 10
Fuel Exit Temperature (° F) 470
Pressure Drop (psia) 32.5
Fuel Residence Time (sec) Q.15
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As a result, the final design concept that evolved considered air cooling
of the forward region, and fuel cooling of the aft region of the plug. Core
engine fuel is used in the exchanger at operating points where the ram burner
is shut down. The heat exchanger tube sizing, however, was established on the
basis of the original design concept and was based 5n the maximum heat flux
occurring ahead of the nozzle throat. Thus it may be noted that the surface
temperature achieved in the final design is well belnw the design limit of

700° F.

A transient temperature distribution for a typical tube in the region ahead
of the throat is shown in Figure 58 for the tube design concept. This is
based on a step change in gas temperature from 300° F .o 3700° F and corresponds
to a severe representation of an engine accel. These results were used to
evaluate the mechanical integrity of the design. The corresponding steady-
state temperature distribution is shown in Figure 59.

System 2 - (Ram Burner Liner Cooling Air Heat Exchanger)

In this heat exchanger design concept, the ram burner liner cocling air is
cooled by use of two heat exchangers, one for the inner liner cooling air and
the other for the outer liner cooling air. The design fuel surface temper-
ature limit used in this configuration was set at 1000° F. The air side
design pressure drops were set at 2% for the outer liner and 3.57 for the inner
liner. The lower pressure drop set for th~ outer liner was designed to allow
for the pressure drop in the struts located upstream of the outer liner heat
exchanger. In order to preclude an increase in the engine outer shell diameter,
the heat exchanger radial height was limited to one inch. A detailed des-
cription of the ram burner inner and outer cooling air heat exchanger is shown
in Tigure 60. The engine operating points used for the heat exchanger sizing
were engine accel to satisfy the air side design pressure drop and the cruise
operating conditions to satisfy the maximum fuel temperature limit. Pertinent
engine operating conditions for these two points are shown in Table XL.

Table XL. Ramburner Liner Cooling Air Heat Exchangers
Design Point Engine Operating Conditions.

1007 Engine

Operating Condition Accel Cruise
Ramburner Airflow, W25 (pps) 96.46 105.44
Ramliner rooling Airflow (pps) 14.95 16.44
Total Fuel Flow Rate (pph) 22,450 10,426
"-at Exchanger Inlet Pressure, Pyg {psia) 51.99 51.68
Heat Exchanger Inlet Air Temperature, Tp5 (° F) 1,932 1,932

The ram nain burner fuel flow is the coolant source for these heat
exchangers. The ram burner cooling air flow rate is 15.5% of W25. Both the
fuel and the air flow rates are divided between the inner liner and outer liner
exchangers in proportion to their respective frontal areas. The ID for the
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inner liner heat exchanger is 33.4 inches and the ID for the outer liner heaot
exchanger is 47.6 inches. Correspondingly, the air flow rates used are 6.47%
Wog and $.1% Wyg5 for inner and outer liner heat exchangers, respectively. The
correspouding fuel flow rates are 58.77% and 41.37% of the ram main burner fuel
flow. The design fuel inlet temperatures and pressures used were 300° F and
500 psia respectively. Since JP-7 fuel property data at temperatures above
critical are presently unavailable, the property data used in this evaluation
were based on elevated property data for JP-5 fuel as noted in Section III.

The configuration selected was an annular, bare tube cross flow four-pass
heat exchanger, with the fuel flow inside the tubes and the air flow normal to
the tubes. This configuration is similar to the design used in the Mission A
studies. Multiple passes are used in order to increase the fuel side heat
transfer coefficients by increasing the fuel velocity and thus minimize the
fuel tube surface temperatures. This is accomplished by use of baffles in the
heat exchanger fuel manifolds as illustrated in Figures 60 and 61.

The heat exchangers required to meet the specified operating conditioms
consist of tube arrays of 0.187-inch OD and 0.007-inch wall thickness. The
heat exchangers are iccated in ithe ram duct immediately upstream of the main
burner, with the inner and outer liner heat exchangers located in annular
passages at the ID and OD of the ram duct respectively. The tubes are arranged
circumferentiallv in 2 x 24 and 2 x 40 arrays for the respective outer and inner
liner heat exchangers. The corresponding number of tubes per pass are 2 x 6 for
the inner liner and 2 x 10 for the outer liner. The fuel is admitted into the
tubes through an inlet manifold where the flow is split with one half of the
fuel flowing circumferentially cliockwise and the other half counterclockwise
for an angular distance of 180° into the opposite or return manifold. This
comprises one pass. The fuel is then returned, completing the second pass.
This is repeated until the four passes are completed, at which point the fuel is
discharged at the downstream end of the inlet manifold. Radial supnorts
located 20 tube diameters (3.75 inches) apart are provided to minimize tube
bending stresses and to assure that tube natural frequencies are above engine
and vortex shedding excitation frequencies. The heat exchanger material is a
high strength stain’ess steel allov. The total estimated weight for the heat
exchangers are 37.1 1b, of which 2.12 1b represents tubing weight with the
balance being the weight of the manifolds and support structure. A detailed
tabylation of heat exchanger configuration parameters is given in Table XLI.

The heat exchanger performance parameters for the inner and outer
liner heat exchangers are summarized in Table XL1I. It may be observed that
the coolant temperature reductions obtained for the inner liner heat exchangers
are 511° F and 382° F at accel and cruise operating conditions, respectively.
The corresponding temperature rednctions obtained for the outer liner heat
exchanger ave 366° F and 297° F. The reason for this difference is the lower
air side pressure drop limit set for the outer liner heat exchanger. Thus, the
average coolant temperature reduction is 420° F at the accel operating condition
and 332° F at cruise. It ma; be further noted that the maximum fuel temperature
obtained is 940° F and th. maximum surface temperature is 970° F. Both of these
values correspond to the inner liner heat exchanger and occur at the cruise
operating conditionm.
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Table XL1. Ramburner Liner Cooling Air Heat Exchangers Design Summary.

1007% Engine

Tube OD (in)

Tute Wall Thickness (in)
Transverse Spacing (in)

Axial Spacing (in)

Axial Length (in)

Number of Axial Tube Rows
Numbcr of Transverse Tube Rows
Number of Headors

Number of Fuel Passes

Annular Duct 1D (in)

Amnular Duct OD (in)

External Heat Tramsfer Area (ftz)
Heat Exchanger Volume (in3)
Tubirg Welght (1b)

Header Welpght (1)

Radial Support Weight (1b)
Jotal Weight (1b)

Inner Liner

Tuter Linex

0.187

0.007

0.488

0.235
12.03

48

2

2

4
33.40
35.35
42.40

1,26%.0

12.40
6.40
3.50

22.30

131

0.107
0.007
0.496
0.235
6.39
24
2
2
4
47.60
49,58
29.97
967.7
8.80
3.00
3.00
14.80
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Table XLII. Ramburner Liner Cooling Air Heat Exchangers Performance Sumuaiy.

Heat Exchanger Inrer Liner Outer Liner
Operating Point Accel End of Cruise Accel End of Crulse
Fuel Flow Rate (pph) 9,288 4,320 13,176 6120
Alr Flow Rate (pps) 6.16 6.75 8.77 9.33
Inlet Fuel Temperature (° F) 300 300 300 300
lnlet Air Temperature (° 1) 1,472 1.472 1,472 1,472
Inlet Fuel Pressure (psia) 500 500 500 500
Inlet Air Pressure (psia) 51.99 51.68 51.99 51.68
AT Fuel (° F) 415.6 639.7 327.2 521.7
AT Alr (° B) 510.8 382.0 366.4 296.6
AP/P Alr (%) 2,70 3.50 1.67 1,98
AP Fuel (psia) 2.96 1.02 26 .50 7.035
Exit Mach No. 0.077 0.089 0.0785 0.0862
Effectiveness 0.436 0.546 0.313 0.445
Max. Fuel Temperoture (° F) 16 940 02" 822
Max. Surface Tempersture (7 F) 754 970 665 857
fuel Residence Time (soec) 2.0 3.1 1.1 2.0
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Misslon B Engine Performance

The GELl4/FLTTE--2A engine was resized for a serier of candidate engines
for evaluating fuel type, fuel temperature, and ccoling concepts in {ive Missicn
B studies. The englnes that were resized are shown in Table XL1IT and show that
the engines used in Studies 3 and 4 were done in steps to permit fuel type, fuel
temperature, and cooling concept to be evaluated as individual deleas.

R

The GE14/FLITE-2A engine performance calculated for the five Mlssion B
studies represents the maximum obtainable from an increuse in engine {inlet fuel
temperature in that it assumes the indicated iunterface fuel temperatures are
applicable during the entire mission. From this performance the following
points were noted:
aj [ncreasing the energy level of the system, through the fuel heating

value or enthalpy, provides improved levels of engine performance.

b) Fuel-cooled turbojet plug nozzle provides improved engine performance
only during turbojet operation.

<) Relatively small effects uvn eagine performance are shown by fuel
type, fuel temperature, and couling concepls

B. Thermal Analysis

N

B.1 Study 1

; Figure 62 shows the fluid system schematic for Mission B/Study 1. This
study specified the use or JP-4/5/8 class of Yuels at a naximuwm aireraft/enpione
interface tuel temperature oy 150° ¥ with cach of the candidate lubricant/
hydraulic tlulds.

The desipn of the GELL/FLITE-2B fuel deliverv system remained the same as
that deflined tor the baseline CEL4/FLITE-2A engine. Furthermore, restricting
the maximum fnlet fuel temperature to 150° F would permit the use of JP-4 fuel
with little svstom penalty. As previously noted for the baseline, the CF14/
FLITE-2B fuel delivery system fucorporates the following features:

e

o Fuel recirculation to the aireralit main feed tank during ramjet
{dle descent.

0 Recirculating temperature dependent manifold cooling {lows for
tive core, preburner and main burner fuel lines when the respective
burners are not In operation.

0 Main englne control servo leakage being supplied divectly from the
punps, bypassing the {uel/oil and fuel/hydraulic heat exchangers.
]
!
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Table XLIIT. Mission B Engine Candidates,

Comments i

Study Fuel Type Fuel Temp.,°F Cooling
Bageline JP=5 59 Base
1 JP=-5 150 Baseline Delta effect in fuel enthalpy
2 JP~5 250 Baselline Additional delta effect in
fuel enthalpy.
3 ipP-7 59 Biseline Delta cffect in fuel heating
value.
250 Baselineg Delta effect in fuel heatirvg
value and enthalpy.
Ramburner belta effect in fuel heatinog
Tiner conler value and enthalpy plus reduced
tamburner liner covoling alr
Pluy, nozzle Nelta effect in fuel heating
viilue and enthalpy plus reduced
turbojet nozzle coollug alr
4 Jp-7 3L Baseline NDelta effect in fuel heating
Rambur ner NDelta effect In fuel heatiug
liner cooler value and enthalpy plug reduced
ramburner liner cooling alr
5 Jpr-7 100 Ramburner belta eftect In fuel heating

liner cooler

value and enthalpv plus reduced
ramburner liner cooling alr

(precooled fuel).
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The definition of the GE14/FLITE-2B fluid power system remained the same
as that defined for the baseline. A summary of the fuel and fluid powver system
weights for each of the four candidate lubricants is listed in Table XLIV.

In the GE14/FLITE-2B, engine volumetric oil flow was allowed to remain the
same for each lubricant. System optimization with the higher temperature
lubricants was accomplished by the removal of heat shields and insulation and
by scaling of the sump cnoling air fuel/air cooler that is located in the ram
preburner fuel line downstream of the main engine control. The cooler require-
ments for each of the four lubricants is listed in Table XLV. No cooling of
the sump air is required for either the polyphenyl ether or the perfluorinated
polyether lubricants nor is there sump air cooling required for any of the
lubricants during either idle-descent. The elevated oxidative stability
temperature of the perfluorinated polyether permitted the removal of heat
shields in both the forward and aft sumps. Iowever, the high vapor pressure
of this fluid also required the use of nonvented sumps. In these sump designs,
carbon seals are used as oil seals and new labyrinth air se~ls are added with
the intermediate cavities overboard to ambient pressure.

Lubrication system weight changes for the four lubricants is presented in
Table XLVI. A summary of the total engine weight increments due to the use of
these fluids is given in Table XLVII.

Using the GE1l4 thermal model, Mission B was executed for each of the can-
didate lubric-:ats for JP-5 fuel at a maximum inlet temperature of 150° F. The
thermal profiles for each lubricant are shown in Figures 63 to 66.

The critical phase for heat sirk utilization is during the ramjet idle-
descent portion of the mission. During this phase, fuel recirculation to the
aircraft main feed tank is necescary to provide enough fuel to maintain system
fluid temperatures within maximw j)ermissible limits. A summary of system
performance for each lubricant during ramjet idle-descent is shown in Tables
XLVIII to LI. As can be noted from these tables maximum recirculation fuel
flow rates vary from 9,276 pph for MIL-L-27502 to 7,759 pph for perfluorinated
polyether with an associated fuel weight increment range of from 388 1b to 324 1b,
respectively. It can be further noted that the fuel temperature exceeds 325° T
in the ram main burmer and preburner lines when these burners are in operation
during ramjet idle-descent. These overtemperature conditions are of short
duration and are deemed tolerable for the JP-5 fuel, but it should be noted that
a maximum fuel temperature of 325° F can no longer be guaranteed over the
entire mission for a Mach 4+ interceptor.

B.2 Study 2

Mission B/Study 2 involves the use of the four lubricant/hydraulic fluids
with JP5/8 fuel at a maximum inlet temperature of 250° F.

A schematic of the GE14/FLITE-2C fluid system is shown in Figure 67. The
functions of the fuel delivery, lubrication and fluid power systems are
similar to those described for Mission B/Study i. System weight changes remain
the same as defined for Study 1 and are itemized in Table LII.
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Table XLIV. GE14/FLITE-2B Fuel and Fluid Power System Weight
Increments for the Candidate Hydraulic FPluids.

201.5% Engine

Fuel System Fluid Power System
(AWt-1b) (AWt-1b)
Base FLITE-2C Base GE14/FLITE-2C.
Fuel and FPS .TP-5 at JP-5 at MIL-L MIL-L 500°F Polypheryl Perfluor.
Components (1) 200° F 250° F 27502 27502 Ester Ether Polyether
Fuel System Base Same
FPS
Fluid (Wt-1b) 11.6 11.6 11.6 14,2 22.5

328 in3 at 80° F

Integral Hyd.

Pump (hidu~ 3.2 34,2 50.9 50.9 55.8
minimum<450° F)

Hyd. Reservoir

(T<550° F) 38.0 38.0 38.0 38.0 52.0
Ti Piping &

Insulation 30.4 30.4 30.4 30.4 42.0
(T<550° F)

Other Hyd.

Components 26.5 26.5 26.5 - 26.5 33.8
(T<550° F)

16-Ag Act.

(Titanium) 27.0 27.0 27.0 27.0 45.8
16-Aj9 Act.

(Titanium) 63.2 63.2 63.2 63.2 104.6
16-A28 Act.

(Titanium) 32.2 32.2 32.2 32.2 54.0
(Titanium) 6.2 6.2 6.2 6.2 10.3
2-A25 Act,

(Titanium) 6.2 6.2 6.2 6.2 10.3
2-VSV Act.

(Titanium) 6.2 6.2 6.2 6.2 10.3

AWe. Penalty
(1b) Rase Same Base Same +16.7 +19.3 +159.7

(1) - Only components having weight changes are listed.
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Table XLV. GEl4/FLITE-2B Fuel/Air Cooler Requirements
201.5% Engine

Design Point Flight Conditions
WAIR = 0.008 x W2C = 2.84 pps

A B C D

Q (Btu/min) 2,940 1,033 0 0

Ta; P 1,029 1,029 1,029 1,029

Ta O P 967 1,007 1,029 1,029
[

s, B 62 22 0 0

A = MIL-L~27502

B = 500° F Ester
C = Polyphenyl Ether
D = Perfluorinated Polyether
Tpay = Cooler Air Inlet Temperature
TAZ = Cooler Discharge Temperature
Table XLVI. GE14/FLITE-2B Lubrication System Weight
(Variable Items).
201.5% Engine
MIL-L- 530° F Polyphenyl Perfluorinated
Component 27502 nster Ether Polyether
Fuel/Air Cooler (1b) 16.61 i%.36 0 0
Fuel/01il Cooler (1b) 9.64 7.13 5.24 5.24
Fuel/Hyd. Cooler (1b) 9.64 7.13 5.24 5.24
Lube Tank (1b) 15.60 17.10 17.40 15.90
"A" Sump Heat Shield 0 0 0 -1.77
(1b)
"B" Sump Heat Shield 0 0 0 -1.27
(1b)
Nonvented Sump 0 0 0 22.
Hardware (1b)
Fluid Weight (1b) 19.80 23.90 30.00 39.7
Total Weight (1b) 71.29 68.62 57.88 85.59
Delta Weight (1b) 0 -2.67 -13.41 +14.30
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Table XLVII. GEl4/FLITE-2B8 Engine Weipht Changes for the
Candidate Lubricants.

MIL~L~ 500° F Polyphenyl Perfluorinated
27502 Ester “ther Polyether

A 201.5% Eungine

Fuel System (1lb) 0 0 0 0
Fluid Tower (1b) 0 +16.7 +19.3 +159.7
/- Lubrication 0 -2.67 -13.41 +14.30
[~ System (1b) o o e
Delta Weight (1b) 0 +14.07 +5.89 +174.00
. Fuel System (1b) 0 0 0 0
;w Flulid Power <lb) 0 +12.07 +13.95 +27.70
: Lubrication 0 -1.50 -9.20 +10.46
3ystem (1b) Q_ ) .
Delta Welght (1b) 0 +10.57 +4.75 +125.85
13y
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Table XLVIII.

CEl4/FLITE-2B Ramjet ldle-Descent Summary, MIL-L-27502.

201.5% Fngine

Time
Minutes 0.00 1.02 2.02 2.51 2.52
TFO (° ¥) 150 150 150 150 150
TF7 (° ) 247 244 234 224 191
TRIGC (° F) - —-— - - 202
TEL4P (° T) - 403 304 268 374
TF14M (° T) 316 320 439 - ———
TO2 (° T) 355 328 291 234 33N
TH2 (° F) 350 427 399 348 258
WREC (pph) 9,180 9,188 9,215 9,241 9,276
Recirculation Fuel Weight = 388 pounds

Table XLIX. GEI4/FLITE--2B Ramjct ldle-Descent Summary, 500° F Fster.

201.5% ¥agine

Time
Minute.. 6.00 1.07 2.02 2.51 2.52
TFO (° ¥) 150 150 150 150 150
TF7 (° F) 252 250 239 229 192
(Flae (7 F) - - - - - 207
TF14P (° F) —-—— 378 292 202 281
TF14M (° F) 421 325 443 e e
™2 (° F) 409 182 138 261 182
TH2 (° W™ 5073 465 338 161 283
WREC (pph) 8,410 B 416 B,440 2,465 %, 508

Reclireularion Fuaol Walebi

195 paunds
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Table L. GEl4/FLITE-2B Ramjet ldle-Descent Summary,
Polyphenyl Ether.

201.57% Engine

Time

Minutes 0.00 1.02 2.02 2.51 2.5
TFO (° F) 150 150 159 150 150
TF7 (° T) 256 254 218 2n8 193
1F14C (° F) - _— -— - 204
TF147 (° F) —— 3167 263 236 227
TF14M (° F) 324 329 428 —— ——
T02 (° F) 467 437 362 265 433
TH2 (° F) 576 529 424 380 N4
WREC (pph) 7,800 7,805 7,788 7,885 7,899

Recirculation Fuel Welght = 330 pounds

Table L1. CELl4/FLITE-2B Remjet ldle-Descent Summarv,
Perfluorinated Polyether.

201.57 ¥ngine

Time

Minutes 0.00 1.02 2,00 2,51 2.2
TEQO (° ) 150 150 150 150 L50
7 (¢ T 256 254 218 208 Y
TELGC (" F) ——- - ——— —— 204
TF'4P (° ¥} - 366 262 235 227
TFI4M (° 1) 124 329 428 —— -
T02 (° F) 517 484 400 282 5013
TH2 (° F) 651 594 472 420 332
WREC (pph) 7,655 7 A5G 1,737 ,7H9 7,751

Recirculation Fuel Weight = 324 pounds
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Table LII. GE14/FLITE-2C Engine Weight Changes iar the
Candidate Lubricants,

MIL~-L 500° F Polyphenyl Perfluorinated
27502 Es*er ___Ether Polyether

201.5% Fngine

Fuel System (1b) 0 0 0 0 ]
Fluid Power (1b) 0] +16.7 +19.13 +159.7

Lubrication 0 -2.67 -13.41 +14.30 ﬂ
System (1b) _ —_— :

Delta Weight (1b) 0 +14.03 +5.89 +174.,00
\ - 4
- 100% Engine i
Fuel System (1lb) 0 Q 0 0 %

Fluid Power (1b) 0 +12.07 +13.95 +115.139

Lubrication 0 -1.50 -9.20 +10.46

System (1b) . _ )
Delta Weight (1b) 0 +10.57 +4.75 +1125.85 i
|
1

147
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Using the GEl4 thermal model, computer runs were executed for each fluid,
the results of which are shown in Figures 68 to 71. 71he idlc-descent summaries
are given in Tables LIII to LVI. Although the recirculation fuel flow rates for
the ramjet idle-descent are similar to those listed for Study 1, it can be
seen that the fuel inlet temperatures to the euglne have been reduced substan-
tially below the 250° F maximum level. This reduction was the result of an
icerative process to properly match the engine fluid system and the alrcraft
ECS heat load requirements. With a 250° F inlet temperature Lo the engine,
the quantities of engine fuel recirculation to the aircraft reach levels where
the aircraft ECS heat load is insufficient to provide the 250° I' interface
temperature. As a result of this condition, the 250° F maximum temperature
condition is reached only during the tinal idl -descent to sea level.
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Table LIII.

GE1l4/FLITE-2C ldle-Descent Summary, MIL-L-27502.

Time
Miautes
170 (° )
TF7 (° F)
TF14C (° F)
TF14P (° F)
TF14M (° F)
TO2 (° ¥)
TH2 (" 1)
WREC (pph)

374
424
9,000

(a)

Ramjet Idle-Descent

201.5% Engine

1.02

130
272
424
344
350
407
9,023

2.02 2,51 2.52
180 180 180
262 252 220
- —— 231
328 292 391
453 ——— -
316 260 351
362 335 277
9,048 9,074 9,109

Recirculation Fuel Weight = 376 Pounds

Time

Min .tes
TFO {° F)
T¥7 (° F)
TF14C (° ¥)
TF14P (° F)
[Fl4M (° TF)
TO2 (° F)
TH2 (° F)
WREC (pph)

386
2,200

(b)

ldle~Descent to Scva level

201.5% Engine

0.43

395
3/4
2,201

1.43 2.43
250 250
294 283
312 293
365 332
344 314

2,206 2,213

Recirculation Fuel Weight -89 rounds




’J Table LIV. GEl4/FLITE-2C Idle-Descent Suumary, 500° F Ester.

{a) Ramjei Idla-Descent

201.5% Eugine

Time
Minutes 0.00 1.02 2.02 2.51 2.52
TFO (° F) 183 183 183 183 183
TF7 (° F) 284 278 401 258 223
{ TF14C (° ¥F) — —_— —— —_— —
. TF147 (° ¥) ~— 323 a1y 238 306
TFL4M (° F) 350 349 457 _— ——
™02 (° ¥) 420 402 360 285 A
! TH2 (° F) 500 480 418 382 310
/ WREC (pph) 8,560 8,517 8,540 8,566 8,606
§ Recirculation Fuel Weight = 358 Pounds
(b) TIdle-Descent to %ea Level
: 201.5% Engine
Tdme
Minutes 0.00 0.43 1.43 2.43
TFO (° F) 250 250 250 250
TF7 (° F) 304 302 292 280
- TF14C (° F) 325 323 310 29G 3
TFL4P (° T) — _— — — ‘
TF14M (° ¥) ~—— —— — — 3
102 (° F) 440 430 387 355 |
TH2 (° F) 426 414 367 320 F
WREC (pph) 2,000 2,001 2,004 2,009 ;
;, Recirculation Fuel Weight = 81 Pounds i
r'
A
i
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Table LV. GE1l4/FLITE-2C Idle-Descent Summary, Polyphenyl Ether.

(a) Ramjet Idle-Descent

201.5% Engine

Time
Minutes 0.00 1.02 2.02 2.51 2.52
TFO (° F) 187 187 187 187 187
TF7 (° F) 289 284 275 264 227
TF1l4C (° F) — —-— —-— —— 238
TF14P (° F) — 392 315 289 .59
TF14M (° F) 354 355 462 — —
T02 (° F) 467 453 405 311 456
TH2 (° F) 576 553 474 430 339
WREC (pph) 8,000 8,013 8,034 8,058 8,102

Recirculation Fuel Weight = 337 Pounds

(b) 1Idle-Descent to Sea Level
201.5% Engine

Time ,
Minutes 0.00 0.43 1.43 2.43
TFO (° F) 250 250 250 250
TF7 (° F) 304 303 297 287
TF14C (° F) 325 323 313 294
TF14PF (° F) -— - - —
TF14M (° F) -— -—— — —
TO2 (° F) 486 467 418 364
TH2 (° F) 453 430 375 330
WREC (pph) 1,700 1,700 1,703 1,706

Recirculation Fuel Weight = 69 Pounds
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Table LVI. GEl14/FLITE-2C ldle-Descent Summary, PerSluorinated
Polyether.

(a) Ramjet Idle-Descent

201.5% Engine

Time
Minutes 0.00 1.02 2.02 2.51 2.52
TFO (° F) 192 192 192 192 192
TF7 (° F) 295 290 257 246 232
TF14C (° F) -— - —-— - 243
TF14P (° F) - 397 298 271 264
TF14M (° F) 359 361 449 — —
T02 (° F) 523 506 429 312 529
THz (° F) 651 622 509 456 370
WREC (pph) 7,500 7,509 7,583 7,605 7,597

Recirculation Fuel Weight = 317 Pounds

(b) 1Idle~Descent to Sea Level
201.5% Engine

Time
Minutes 0.00 0.43 1.43 2.43
TFO (° F) 250 250 250 250
TF7 (° F) 304 303 297 287
TF14C (° F) 327 325 315 296
TF14P (° F) — —— —— -
TF14M (° F) — - -— —
T02 (° F) 520 501 452 398
TH2 (° F) 496 472 413 358
WREC (pph) 1,500 1,500 1,503 1,508

Recirculation Fuel Weight = 61 Pounds
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For this s=study, fuel recirculation to the aircraft main feed tank is also
necessary during the final descent. Maximum flow rates on the order of 1,600
pph are necessary during this mission phase to limit maximum system temperatures
tc permissible levels. Fuel overtemperature conditions also occur in the
operating burner lines during this final idle-descent to sea level.

B.3 Study 3

The Mission B/Study 3 incorporates JP-7 fuel at a maximum inlet fuel
temperature of 250° F. The use of JP-5/8 fuel at 350 ° F inlet fuel temperature
was considered as an alternative for this study, but was not deemed feasible
as Mission B requires a fuel with a higher thermal stability or a lower inlet
fuel supply temperature in order to obtain the necessary fuel heat sink capacity.

Figure 72 shows the fluid system for the GEl4/FLITE-2D engine. Inner
and outer duct ram main burner fuel/air coolers, shown in Figure 60, are
located downstream of the main engine control for cooling the main burner
liner cooling air. The main burner fuel schedule is changed to provide 60
percent of the total mainburner flow to the ocuter duct fuel/air cooler and 40
percent to the inner duct fuel/air cooler. The fuel scheduling is accomplished
by the additicn of a dual flow regulating servovalve in the main burner portion
of the fuel control. the fuel flow for both coolers are routed downstreanm
from the fuel control through the fuel/air coolers and intc the main burner
fuel nozzles through header manifolds which are integral portions of the cooler
designs. The use of JP-7 fuel simplifies the cooling requirements for the core,
ram preburner and ram main burner fuel lines when these respective burners
are not in operation. Where for JP-S fuel, a temperature dependent recirculating
system was necessary to meet the fuel thermal stability requirements, the use
of JP-7 fuel permits a comnstant flow of 100 pph to be supplied to the burrer
lines when the respective burners are not in operation. This flow is of such
a negligible quantity that it is considered expendable.

A summary of the GE14/FLITE-2D engine weight changes for the four lubricant/
hydrauiic fluids is given in Table LVII.

Figures 73 to 76 depict the engine fluid temperature profiles for JP-7
fuel and the candidate fluids used in the lubrication and fluid power systems.
The use of the ramburner liner cooling air fuel/air heat exchangers causes
maximum fuel system temperatures of approximately 1000° F during the cruvise-
out portion »f the mission. These temperatures occur in the fuel/air heat
exchangers and permit a reduction of from 307 W25 to 15.5% W25 in the quantity
of cooling air required for the main burner liner. Location of the fuel/air
coolers adjacent to the main bLurner permits a short residence time at elevated
temperatures and minimizes the potential for blockage of the fuel lines due
to thermal degradation products.

The idle-descent recirculation fuel summaries are given in Tables LVIII
to LXI. Recirculation of fuel to the aircraft main feed tank is necessary during
the ramjet idle-descent to restrict the operating temperatures of the fluid
power and lubrication systems to within the prescribed bulk oil stability limits.
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Table LVII. GEl4/FLITE-2D Engine Weight Changes for the Candidate
Lubricants.
MIL--L 500° F Tolyphenyl Perfluorinated
27502 Ester Etner Polyether
201.57% Engine
Fuel System 129.2 1b 129.2 1b 129.2 1b 129.2 1b
Fluid Power 16.7 19.3 159.7
Lubrication -2.7 -13.4 14.3
Systew
Delta Weight 129.2 1b 143.2 1b 135.1 1b 303.2 1b
100.0% Engine
Fuel System 62.1 1b 62.1 1b 62.1 1b 62.1 1b
Fluid Power 12.1 13.9 115.4
Lubrication ~-1.5 -9.2 10.5
System
Delta Weight 62.1 1b 72.7 1b 66.8 1b 188.0 1b
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Table LVITII.

GE1l4/FLITE-2D Ramjet Idle-Descent Summary, MIL-L-27502.

201.5% Engine

Time
Minutes 0.00 0.52 1.02 2.02 2,51 2.52
TFO (° F) 180 180 180 180 180 180
TF7 (° F) 274 271 266 257 248 21%
TF14C (° F) 637 607 577 462 399 229
TF14P (° F) 448 488 400 317 287 384
TFL4EM (° F) 324 322 320 421 422 392
TF141M (° F) 348 347 345 494 496 465
WREC (pph) 9,000 9,011 9,026 9,054 9,085 9,124
Recirculation Fuel Weight = 381 pounds
Table LIX. GEl4/FLITE-2D Ramjet Idle-Descent Summary, 500° F Ester.
201.5% Engine

Time
Minutes 0.00 0.52 i.02 2.02 2.51
TFO0 (° F) 183 183 183 183 183
TF7 (° F) 279 276 272 264 253
TF14C (° F) 639 610 580 465 4C3
TF14P (° F) 426 429 277 307 283
TF14EM (° F) 329 327 325 425 425
TF14M (° F) 353 352 350 498 499
WREC (pph) 8,500 8,510 §,522 8,548 8,579

Recirculation Fuel Weight = 359 Pounds
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Table LX. GEl4/FLITE-2D Ramjet Idle-Descent
Summary, Polyphenyl Ether.

201.57% Engine

T+ine

Minutes 0.00 0.52 1.02 2.02 2.51
TFO (° F) 187 187 187 187 187
TF7 (° F) 263 260 257 247 236
TF14C (° F) 630 601 571 455 392
TF14P (° F) 398 445 348 282 261
TF14EM (° F) 313 311 303 413 414
TF14I™ (° F 337 336 335 488 490
WREC (pph) 8,000 8,009 8,018 8,044 8,073

Recirculation Fuel Weight = 337 pounds
Table LXI. GEl14/FLITE-2D Ramjet Idle~Descent
Summary, Perfluorinated Polyether.
201.5% Engine

Time

Minutes 0.00 0.52 1.02 2.02 2.51
TFO (° F) 192 152 192 192 192
TF7 (° F) 277 273 268 257 245
TF14C (° F) 637 606 577 460 397
TF14P (° F) 409 454 358 291 269
TF14EM (° F) 325 323 320 420 419
TF14IM (° F) 349 347 346 493 494
WREC (pph) 7,500 7,503 7,514 7,535 7,565

Recirculation Fuel Weight = 316 pounds
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Balancing of the airframe heat load with the quantities of recirculation fuel
flows necessary for each fluid produced the inlet fuel temperature/recirculation
flow combinations shown in the tables. Recirculation is not required during

the final descent to sea level.

B.4 Study 4

Mission B/Study 4 allows the maximum JP-7 engine interface fuel temperature
to increase to 350° F. The fluid system for the GE1l4/FLITE-ZE engine is shown
in Figure 77. The lubrication and fluid power systems are the same as those
defined for Mission B/Study 3 (JP-7 at 250° F).

Some changes were necessary in the fuel delivery system due to the increase
in interface fuel temperature. These changes included the following:

o The material in the main engine control was changed from aluminum
to titanium.

o A gearbox driven refrigeration unit was required in the electronic
flow cooling loop to insure cooling and safe operation of the
electronic control.

o The elevated fuel inlet temperature required further conversion of
fuel system piping from titarnium to stainless steel.

o Although the size of the ramburner liner cooling air fuel/air cooler
remained the same, the quantity of liner cooling air was increased
from 15.5% W25 to 16.5% WZS'

The weight changes for the GE14/FLITE-2E fuel delivery system are listed
in Table LXIII. The fluid power and lubrication system weights did not change.
A summary of the incremental weight changes for the Study 4 engine is given in
Table LXII.

The thermal profiles fov each of the four lubricants are shown in Figures
78 to 81 and the recirculation summaries are listed in Tables LXIV to LXVII.
For the final descent tc sea level, fuel recirculation is needed for the MIL-L-27502
and 500° F ester fiuids. This reaches a maximum of 8,500 pph for the MIL-L-
27502 lubricant. As with all the previous studies, recirculation is necessary
during the ramjet idle descent mission phase for all four fluids to maintain
them within their bulk oil stability limits.

166



‘073BWOYDG wWalsAS PINIJA § Apnis/g uorssiy L. 9an3dryg

, pioj1ush
sauts] 294334 1183344 1apeay _ Atddng 1ang
arojruen Sury 081 oml ﬁ 1 h
=Tt {.l. ! _
2 [ —
] g I
R
M | =
s1{]5 it B 10 Sl S =
- lad [=
™~ ~ =
N [
= m _ | dung m:m>_ dung ,soog _
12100) M - _ araetaep 1e8n) 113ua)
i1y H m |
/1ang _
a4 _ _
a4 _ [
an an _ 4 —
— sd2fuos3daly
-_— 7 T e e e e e e e pajoon-1ang
ulnjyay ssevdig r/ \\\

! g
4|

dung 1eAn)yi3uad 10j8UIATY
pazaInys p3100D-13n4

!
— — — T\

~—— XaH xay ——
PAN/ 1904 110/1an4

1043u0D WH-3

POd ¥ T D PAIEINSUL

‘oowuoxjaug 7%y

167



Table LXII. GEl4/TLITE-2E Fuel Delivery System Weight Comparison.,

Fuel Systeml
Components

GE14/FLITE-2A
(Baseline)
(JP-5 @ 200° F)

GE14/FLITE-2E
(Jp-7 @ 350° F)

Refrigerator 0 1b 8.3 1b
Main Engine Control 37 47.8
Inner/Quter MB Duct 0 138.1
H-X.
MB Fuel Lines & 13.5 2.1
Insul.
MB Manifold Fuel 1.3 0.0
Recirculating Sys.
1  Only components that change weight are listed.
Table LXIII. GE1l4/FLITE-2E Engine Weight Changes for
the Candidate Lu ricants.
MIL-L- 500° F Polyphenyl Perfluorinited
27502 Ester Ether Polyether
201.5% Engine
Fuel System 144.5 1% 144.5 1b 144.5 1b 144.5 1b
Fluid Power 0 16.7 19.3 159.7
Lubrication 0 -2.7 -13.4 14.30
System
Delta Weight = 144.5 1b 158.5 1b 150.4 1b 318.5 1b
100% Engine
Fuel System 73.1 1b 73.1 1b 73.1 1b 73.1 1v
Fluid Power 12.1 13.9 115.4
Lubrication -1.5 -9.2 10.5
System

Delta Weight = 73.1 1b 83.7 1b 77.8 1b 199.0 1b
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Table LXIV. GEl4/FLITE-2E ldle-Descenrt Summary, MIL-1-27502.

(a) Ramjet ldle-Descent

201.5% vngine

Time
Minutes 0.00 0.52 1.02 2.02 2.51 2.52
TFO (° TF) 168 168 168 168 168 168
TF7 (° F) 251 248 244 2136 227 205
TFL4C (° F) 627 596 565 449 387 215
TEL4Y (° F) 430 476 384 299 269 376
TF14EM (° F) 3013 391 299 390 410 385
TF14TM (° ) 328 327 325 459 487 460
WREC (° F) 11,000 11,012 11,026 11,055 11,087 11,109
ecirculation Fuel Weight = 465 Pounds
(b) 1dle-Descent to Sea lLevel

1 ine
Minutes 0.00 0.43 1.43 2.43

5 O (° W) 350 350 350 350
1¥7 (% F) 367 366 361 399
TF14C (° ¥) 383 331 372 399
TFl4P (° ) 398 387 365 185
TFL4EM (° T) h4y2 £l8 367 357
TFLAIM (° TF) L£82 447 375 346
WREC (pph) 2,500 8,506 8,521 0

Recirculation Fuel Weight = 345 Pounds
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Table LXV. GE14/FLITE-2E Idle-Descent Summary, 500° F Ester.

(a) Ramjet Idle-Descent

201.57% Engine

Time
Minutes 0.00 0.52 1.02 2.02 2.51 2.52
: TFO (° F) 17" 171 171 171 171 171
X TF7 (° F) 256 253 250 242 233 208
1TF14C (° F) 630 598 568 453 391 218
TF14P (° F) 408 456 360 288 264 291
TF14EM (° 2) 307 306 304 234 413 386
TF1414 (° F) 332 33 330 463 490 461
WREC (pph) 10,500 10,510 10,522 10,550 10,582 10,612

Recairculation Fuel Welght = 444 Pounds

(b) 1Idle-vescent to Sea Level

Time
Minutes 0,00 0.43 1.43
TFO (° F) 350 350 350
TF7 (° F) 393 391 419
TF14C (° F) 410 407 426
TF14P (° F) 422 wll 418
TF14EM (° F) 462 437 410
» TF14IM (° T) 498 463 412
; WREC (pph) 1,600 i,601 0

—

Recirculation Fuel Weight = 38 Pounds
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Table LXVI, GEl4/FLITE-2E Ramjet Idle-Descent Summary,
Polyphenyl Ether.

201.5% Engine

Time

Minutes 0.00 0.52 1.02 2,02 2,51 2.52
TFCc (¢ F) 174 L74 174 174 174 174
TF? (° F) 261 258 255 247 238 211
TF14C (° T) 630 601 571 456 394 221
TFl/ v ( F) 398 447 349 284 263 243
TF14EM (° F) 312 310 309 397 417 388
TF14IM (° F) 336 335 335 466 492 463
WREC (pph) 10,000 10,010 10,020 10,046 10,078 10,014

Recirculation Fuel Weight = 422 Pounds
Table LXVII. GE14/FLITE-2L Ramjet Idle-ucscent Summary,
Perfluorinated Polyether.
201,.57% Ingine
Time
inutes 0,00 Q.52 1.02 2.02 2.51 2.52

TFO (Y F) 176 176 176 176 170 176
TF7 (° ™) 271 268 264 254 244 214
TF14C (° T) 635 6U5 576 460 398 225
TF14P (° F) 406 453 356 290 269 246
TF14EM (° ) 321 319 317 403 420 390
TF14IM (° F) 345 344 342 470 495 464
WREC (pph) 9,500 5,511 9,524 9,555 9,588 9,633

Recirculation Fuel Welght = 402 Pounds
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C. Interceptor Design & Performance

The Mission B interceptor evaluation included the effects of fuel thermal
limits on botbh aircraft and engine systems for the matrix of four envine
lubricants. A summary of the study aircraft is presented in Table LXVIIL.
Study 1 and Study Z provide a measure of the impact un aircraft and cngine
performance of the maximum allowable engine/airframe fuel interface temper-
ature ter a JP-5/6 class fuel at 150° F and 250° F., Study 3 and Study 4
provide a similar comparison for a JP-7 cla.z fuel at 250° ¥ and 350° F.
Additionally, the results of Study 2 and Study 3 illustrate the influence of
fuel thevmsl stability on engine and resulting interceptor performance. The
combined result of the fuel change and interface fuel temperature incrcasc
trom the heaviast interceptor (Study 1) to the lightest interceptor {(Study 4)
was a 3,300 1b. reduction in TOGW.

The influence of lubricant selection on ¢ngine weight and resulting inter-
ceptor performance was of second order as compared tu fuel effects with the
exception of perfluorinated polyether. The minor weight varjations discussed
in subsequent sections cannot be considered sufficient to permit specific
lubricant selection recommendations solely on a bulk oil temperature capability
basis.

C.1 Interceptor Desigu

The range of size for the Mission B interceptors designs are illustrated
in Figure 82, These coniigurations are sized for the Mach 4+ mission. The
major performance charvacteristics are presented in Table LXIX for the four
desl¢gns. The aircraft design inputs and sizing criteria arce identical for
all of these interceptors as presented in Section 111.

As the inierface temperature is increesed, both the interceptor size
and welght are reduced, primarily due to improved engine performance. Additional
interceptor weight variations are ubtained due to changes in airframe subsystem
and engine weights. The rationale behind the performance and weight variations
are presented in subsequent paragraphs.

C.2 Mission Performance

The GEL4/FLITE-?2A propulsion system daescrib.od in Section (11 was wmodified
to reflect changes in fuel, lubricant, and engilne/airframe fuel interface
temperature for the four Mission B studies. The increasing enpine weight with
increasing interface temperature is due in part to chkmges in the fluid power and
lubricatlion systems to accommodate this higher fuel temperature. Within the
range of engine/alrframe fuel temperatures investigated, the engine performance
Improved with increasing temperatures. An approximate 0.2% increase in thrust
ard 0.3% reduction in SFC are obtained over the entire flight prnlile tor each
11)0° F increase in interface temperature. These improvements result from
improved engine cycle thermal efficicncy due to the increasing luel intert:cc
temperature. It is anticipated that further improvements in engpine performance
with increasing interface temperature may be lilmited by either material limita-
tions and/or fluild system design and operational complexity.
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Table LXVTII.

Mission B Summary.

Study 1 Study 2 Study 3 Study 4
Engine GFE14,/FLITE 2B 2C 2D 2E
Fuel JP-5/8 JP-5/8 JP-7 Jp-7
Engine/Airframe Interfacve 150 250 250 350
Temp., (° T)
Fuel Loading Temp. Amb . Aub , Aob . Amb .
Fuel Density @ Loading 51.8 51.8 51.38 51.8
Temperature (psf)
ECS Type Vapor Vapor Vapor Vapor
Cvele Cycle Cycle Cycle
ECS Weight (1b) 7134 672 672 669

All cugines use polyphenyl ether lubricant.
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rable [XIX. Mis:.on B Major Pertommance Characteriotic s,

Study i Study 2 Study 3 Study 4

[ Take-off Gross Weight (1b) - 89,000 87,000 86,000 85,700
' Wing Area (ft?) 1,160 1,140 1,130 1,120
(Including Tips)
Engine/Airframe Fuel 150 250 250 350
Interface Temperature (° F)
Fuel Type JP-5/8 Jp-5/8 JP-7 -7
F.
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Additional engine performance increment:s are obtained tor the -20D and -2ZE
englnes by using the higher heat sink o JP-7 to precool the ramburner liner
cooling air. By lowsring the air temperacure, the quant ity of rawburner 1iner
cooling ailr 1s reduced by approximately 50%7. This decrease in secondary air
produces significant improvements in capine thrust and SFC. The increasce in
welght for the JP-7 fueled vngines resalts from the incorporatioun of tucl/air
heat exchangers to cool the ramburner liner cooling air. k

C.3 Alternate Lubricants

The inf luence of lubricant sclection on enpine weight tor the CEL4/FLITE
negines is presented m Table LXX. Althouph M1L-1-27502 provides the lightest
resultant engine for all study enpines, it was not selected tor use in per- i
forming the laterceptors., This decision was basced on an analysis which indicated
that greatly increased lubricant system scrvicing would be required 1f MIL-L-27502
were used as compared to polyphenvl eiher.  Polyphenvl ether was, therefore
selected as the most promising lubricart tor all the conflgurations.  the
increase in engine weiph s ipo.urred with pertinorinated polyether resulted lrom
; changes ia the fluid power and lube systems primarily to accommodate the low ;

bulk modulus and high vapor pressure of perfluorinated polvether,

The variations ia aircratt TOCW to account for the changes in engione weipht
arising (rom the use ci v aliewnate lubricants is presented n Ta%le LXXI,
© The use of the alternaice lubricants impose only minor weipght penattics with
the exception ot perfluorinated polvether.

ook 5 st

C.4 Thermodynamic Charucteristics

For each ot the Mission B contigurations, ECH weights and fuel tempera-
ture characteristics were determined as a tunetion of the miximum allowvable i
englne/airirame tuel interiace tewperatare.  Variaticns in FCS weipht were
determined by accounting for chances in the oxpendable subsvstem requirement s
using the Mission b ECS concept deseribed in Sccetion 1. The BCS woelghts ooe
734 1b for Studv 1, 677 1b sor studies 2 and 3, and 669 b tor stuwdy . The
variation in ECS weipht rosults trom ditlerences o the amount ot expendab
tucl required (to metintais acceptable reirvigeration packaye condenser ioleu tuel
lemperatures) and the size of the subsystem components. The tacl temperatur e
charicteristics are a tunclticn ol heat added to the stored tuel via recircul -
tion from vither the airtcame/engrine intortace or from the enpines, and Loeat
transfecred to the tuel throvph the airtrawe structur -, e Studic:s: b othroush {
4 aircraft considered tucel rvecirculation trom the enpines back Lo the aivirame
feed tank during the descent mission phases.

Fuel temperature protiles for the Studies | through 4 aircratt are
presented in Figure 83, The profiles for the Stodies 2 and 3 airveraft are
identical due to the same 2507 F intertace temperature reguiresents,
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Table LXX.

GELl4/FLITE-2B
CEL4/TFLITE-20
GEL4/¥LITE-2D

GEi4/FLITE-IE

Missfon B bngloe Welght ceasitivit. .

FOOL Pagine i

Polyphenyl

Perflaorinat ed

MIL~L-27%02 3007 F kster “ther Polyether
2,880 1h 2,890 th 2LUHED 1w 3,000 Ib
2,880 2,890 2L BR0 3,050
2,940 2,950 2,950 1,070
2,950 2,960 2,960 1,080

Miselon B Impact of Lubcicant Selection

Table LXXI.

MIEL-1--27502

LTOGW Study 1 (1b)
GEL4/FLITE-28

ATOGW Study 2 (1b)
GEL4/FLITE-2C

ATOGW Study 3 (1b)
GEL4/FLITE-2D

ATOGW Study 4 (Lb)
GELS/FLITE-2E

ATOGW =

Yolyph uyl
l)2()_ r: F lster

0 +1 00 +5{)
0 +100 +50
0 +100 +50
0 +100 450

TOGW MIL-1-27502 - TOGW
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U bther

Perflaorinatoed

. Polyether
+700
+1,250
+1,7250
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C.5 Supplemental Studies

In addition to the basic Missinn B investigation two additional variations
in fuel heat sink utilization were investigated, a direct fuel heat sink ECS
and a cooled enjine inlet duct wall configuration.

Direct Fuel Heat Sink ECS

A direct fuel heat sink ECS concept, utilizing precooled (0° F initial
temperature) fuel shows distinct advancages In minimizing TOGW. Airframe heat
loads can readily be absorbed by tuae Zuel and delivered to the engines at low
interface temperatures with moderate temperaturc peaks during descent, as shown
in Figure 84, The wmaximum interface temperature is experienced ouly during
thiese phases of the mission and the maximum fuel temperature level is maintained
bv varying the quantity of fuel being recirculated to the feed tank. The pre-
cooled fuel-direct fuel heat sink ECS concept offers significant advantages
over other candidate concepts in terms of reduced ECS weight and volume
requirements, overall system simplicity, and increased reliability. The
concept is essentially insensitive Lo weight and volune varilations resulting
from changes in allowable interface temperature.

An ajrcraft TOGW of 83,000 1b for a precooled JP-7 fueled Missicn B
interceptor compares very favoraply withi other Missjon B interceptor TOGW's.
The system differeawces between the precooled fuel interceptor and the Lightest
Study interceptor are tabulated in Table LXXIT,

Table LXXLI. Precooled Fuel Sysiem Differences.

Precooled Study 4
ECS Weight (1b) 460 668
Electrical Welight (1b) 34 482
Fucl Temperature (° F) in A/C 0 160
Tankape at rakeoft
Engine/air: rame 1oterface (Max) 104 350

The reduction in FCS and clectrical system welght are achieved through
elimination of the vapor cycle cumpressor, c¢lectrical drive, and numerous
heat exchangers. The lower engine inlet temperature permitted redesign of
the ecugine fuel system which resulted In the lower (27 1b reduction) evgine
welght for each 1007 eagine. The lower fuel loading temperature provides an
effective 2,737 1increase in fuel density.

A summary of the individoal effects of these differences between the
precoaled configuration aud Study 4 are tabulated in Table LAXIII.
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i Table LXX1I1. VYrecooled Fuel lncremental Weight Differencos.
LTOGW Due t. ECS Wt -/81 1b

ATOGW Due to Electrical Wt -523 1b

g ATOGW Due to Engine Wt -504 1b

i STOGW Due to Fuel Density -801 1b

§ ATOCW Due ro Englune Performance

i Changes =358 1D

"- 'l'ucwprecwmd - '1‘0(;w5mdy 4 2607 1b

}

-

Cooled Fonsine inlet buet Wall Configuration

For the Studies & through 4 aircraft, the maximum available heat capacity
ot the fuel s used oniy during briet miesion phases where engine fuel requicve-
ments are low. For caample, during the outbouud cruise mission phase, fuel
heat capacitivs in the ordee of 40,000 and 75,000 Btu/min are still available
% for the 256 and 350° ¥ futerface lemperature cases, respectively, atfter eobsorbing
che airframe beat loads,  Sinee all interoas heat loads are being absorbed by
' the Tuel aud the structural concept is Jdesivoned to withstand the high temperatuare
cnvironment without active cooling,, there are no unaccounted heat loads which
could utilize this cexcess heat sink.

Horwover, i the aireratt were (o be tfobricated prier to the completion ot
A development prosram tor - - phese rickel, convent ional high temperature
stractural waterial such as Aewd o' would be used,  This would regult in a
larpge increase Jo fvlet weights  The inlet welght, 5,400 1b in che Mission B
dircrafi, would nercase to over 10,090 Ih by changing to Rend¢ 41, A chanpe
ot this magnitude woodld necessitate a conplete reslzing of the aireraft
to achicve tihe desirved aecelueratfon and mission radius. By cooling the intewvnal
walls Lo a maxlmum Lempervature of approximately 800° ¥V, titanium (rather than
Kend 41) can be used as the structural material, resulting In a proportionate
reduction in inlet wedight.

An fndet hoating rate distribution was determined for the Mach 44 cruise
condition, and t.'e ameoun. of inlet cooling that could be accomplished was
3 determined In terws of subsonic diffuser surfacce area. lu both the 250° F
and 350° P interf-.ce temporature cases, the siructural concept and heat
transport loop arrangement were consldered to be sfmilar. Malor differences
are that -he latter case permivs more nlet surface area to be vool:d (172 e
versus 105 fr?) and requires larger components to be used in the heat transport
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loop. Temperature profiles for both cases are nroseuted

higher than for the Studies 3 and 4 aircraft.

The results of this <tudy are summarized in Table Lx.I1V.

in Figure 85. \Wuuen
the interface temperature is at the Jdesign lwmit, some {uel is recirculated
back tc the fuel tankauge at the maximum temperature. As a result, onboard
fuel temperatures incruase and the expendable subsystem requirements are

Expendable

heat sink requirements, passive insulation, component weighes, fluid routing
The weight of heat
transfer loop components are a function of the area cooled and include items
such as plumbing and fluid control components. An increase in ECS welght

is incurred bucause of an increase In expendable subsystem requirements.

provisions, and structural considerations are included.

Table LXXIV Results of Cooled Inlet Studies.

Maximum Allowable Incerface Temperature (° F)
2

In. t Surface Arca Cooled (ft7)

Reduction in Nacelle Structural Welght (Ib)*

Weight of Heat Transport Loop Components (1h)

Increase in ECS Weipght (1b)

(Relative to Study 3 and Study 4

Configurations)

Totai Change in OWE (1b)*

Tota® Change in TOGW (1b)*

-433

+197

+56

-180

-672

-730

* Welghts are relative to the use of Reaé 41,
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SECTION VI

INTERCEPTOR PERFORMANCE SENSITIVITIES

) The interceptors presented in Section IV represent the basic study

N recults,  The sensitivities of the interceptors to changes in design weights,
cugine performance, mission profile, and aircraft subsystem design philosophy

cere examined and are presented here.

I Design Wedight Sensitivities
t I order Lo permit an incremental analysis of the offects of fuel and
s ¢ obhricant properties and system variables ovn aircraft performance, the

sensitivity of TOGW to swall changes in fuel density; engine specific thrust
and SFC; and the sensitivity of wing area to OWE were determined. These
casitivities can be used independently or in combination to determine changes

mterceptor size and weight.  They should net be extrapolated beyond the
Cldts ot the figures,

Al Tuel Density Bftects

—

At the inception of this investigation, two fucls were sclected to permit
ccaluation of the effoects of tuel thermal limits on engine performance and
ssulting aireratt size,  Since the chosen fuels (JP-5/8 and JP-7) have
Jterenl averape deusitivs (51.8 and 49.7) 1b/rt7, rvespectively), o was

coodded tnat the missicor should be perfermed with a constant tael

densitv of
B IR NV

This Jdensity is representsoc oo of an advanced high stability
Cropenated fuel oas well as existing JP-0/8.

shouid a future bigh volume
Aand be eastaplished for

high stability rocl, a hydrogenation proce. s
UL procably be rvequired oo omeet th demand. This process can be Lailored e
chle product densitics o the neighborhood of 5108 1h/ft B

» pU the fuel density 10 permitted to varyv, the beefits of inereased fuel
crmat Timios can be massed by density effects. As shown in Pigure 56, a
cane in tuel density to that of IP-7 weuld result in oan 830 b

increase in
Lo maintain copstant aission perfoarminee. Fhis

increasce in weight

Saits tron increased tank size Lo accommodate the cquivalent weight of fuel,
hoin tarn requires an addtiongl inerease in foel regoiiements omd aireratt

Sl /weight.

In order to permit evaluation of a wide range ot fuel,
couses Jdensities from 49 Lo 95 1h/fed. Tt Is
ot et Vort

Filgure 56 ciecom-
apparent that future fuels develop-
towards the biyher densitles can prove beaeficta!l in terms of aireralt
tees Ptrort i this area has spawked.  Howvever, o balaoce must be eatablished
Getween allowable fuel cost inerement s o tunction of densitv and aceraft
rae. I o the adrerafc size is reduced, the resulting system cosi o will
l recredase, which can Initself justity a moderate
increasing deusity.,

4lso
incredase in tuel cost with

[Kaks!
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A.2 Propulsion Sensitivities

Higher fuel hect sink can permit improved engine performance as realized
for both the GE16/FLITE engines and the CGEl4/FLITE engines. These improvements
can be reflected in increased specific thrust and reduced SFC. The TOGW/Specific
Thrust sensitivity, Figure 87, and the TOGW/SFC sensitivity, Figure 88 are
based on a uniform improvement over the entire baseline mission profile. These
sensiitivicles cun be used fur first order approximation of the impact of fuel
thermal limits on aircraft TOGW as affected by propulsion system characteristlics.

A.3 Operating Weight Empty and Wing Area Effects

The takeoff gross weight sensitivity due to operating welght empty pertur-
bations is presented in Figure 89. The dependence of wing area (Sy) on OWE
is presented in Figure 90. These sensitivities were determined through
perturbations in OWE 'ollowed by resizing to the constaant baselline mission
radius and acceleration time through the use of growth curves. The resulting
growth Factor is 4.01 (TOGW)/lb (OWE). This configuration has a wing area
sensitivity of 23 ft2/1000 1b (OWE).
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Minsion B heat sink vequirements, however tne lower temperature comnina-
require increased svatem complexity and weipght,  The Mach 3+ mission can

be adequately pertformed using JP-9/8 fuel and MIT-1-27502 lubrican' and hydraulic
fluid without incurring severe penilties to either engine or ailrcraft system

md performance. Mission B can be perfermed with JP=5%/8, but fuel

SECTION VIL

CUNCLUSTONS

Two mission profiles were defined and investigate«, onc for a Mach 3+

i interceptor and the other utilizing an interceptor witu Mach 4+ capability.

' Two thermodynamic classes ol fuels, JP-4/5/6 ind 11-7 were studied along with
tour fluids used in both the lubrication and fluid power svstem, MIL-1~27502,

a hypothetical 500° F ester, polyphenyl ether and perfluorinated polyether,

The results were measured in terms of engine weight, engine performince improve-
ment and aircraft takeoff gross weight.

The primary conclusions are;

JP-5/8 fuel and MLL~L~27502 lubricant/hydraulic fluid ar:
recommended for the Mich 34 interceptor while a fueli with
JP-7 thermal stability and a 500° ¥ ester lubricant/hydraulic
fluid are recommended for the clach 4+ interceptor.

For the range of temperatures investigated, both the Miswion A and
B interceptors benefit from increasing interface fuel temperatures.

Higher thermal! stability fuels are thermodynamically teasibl: lor
improving engine performance when used in fuel/air heat exchanger
sy-tems .

vn a bulk eil towperaturve basis the capability of MiL-1.-27502 is
considercd ta be the minimum necessary to satisty Mach 3+ and

Mach 4+ advauncod oilitary systenm reorements.  Above this Level
the influcnce of ovulk oil Lemperature has only sceondary Safluence
on lnterceptor poerformance,

Ve o prevecled tuel provides oo ateractive eption to achicvve a
direct reductioun o airoratt size and weight.,

O Mission A Clach ¢+ - Thermal stability of (dP=53/8 fuels
appueiars adeciate, orly minor periormance iwprotements associated
with higher ctability fuels.

) Mission & (Meh 44) - Thermal stabilicy of JP-5/8 class luels
allows mavenal crevation (with depraded performance) . Hipher
stabililt tac s (JP=7 ¢lass) enables signiticant performance
improveament tor the combination evele engines.,

'

fuels and lubricant: ctudied in the prosram can all satisfy the *Ussion
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temperatures exceeding the current unlimited scrvice thermal stabilicy limit of
325° F to approximatcly 500° F provides adequate marpin for the Mach 44 intver-
ceptor, A 500° F bLulk ool temperature capability also provides aeceptable
lubricant/hydraulic fluid performance.

Tne lightest welght aircraft were obtained using JP-7 fue. for both Mis-
sion A and Mission B. The elevated thermal stability of JP-7 permits addi-
tional heat sink utilization concepts to he incorporated dnto the alrecraft/
engine designs, improving engine performance and reducing aircraft ECS weight
and cemplexity. These performance improvements become significant when fuel
tempevature levels approaching current rescarch values (1000° F) are utilized.
When maintainability, reliability aad life becom - factorea into an actual
interceptor configuration, the use of JP-7 may also be cousiderced as being
more desirable.

Both the Mission A and B interceptors benctit from ifucreasing interface
fuel temperatures. Advantages gailned in incrcasiug the ailrframe heat sink
allotment Hffset the reduction in engine performance caused by the remova)
of the LP wurbine cooling air cooler from the GLl6/VLITE-LC cugines., For
Mission B, the engine performance increases with increasing interface tempera-
ture. Thi. reflects the lucrease in combustor efficiency and the ability to
use the ramburner liner coeoling air fucl/air coolers at the higher interface
temperatures.

The definition of an LP turvine fuel/air heat evxchanger Yor the GEle/
FLITE~1C engine and the design of the ramburaner liter couling oir fuel/air
cooler for the GEL4/FLITE-2D engiuc cstablished the thermodynamic icasibility
for heat exchanger systems to lmprove engine performance.  Huch further work
needs to be done, however, in vslablishiong the decign and performance criteria
for actual svstem designs.

From 2n incremental bulk tewperature basis the candidate lubvicants with
the exception of perfluorinated polycther have only =econdary influence vn
interceptor performance.  Significant weipght incieases were obtained with the
perfluorinated f{luid due to its low bulk modulvs and high vapor pressure.
Beyond this, however, diuffercnces in bulk oil Lemperature capabilicy above a
minimum level as detined by MIL-1-27502 (425° 1) were not of enough signiticaae
to permit a clear-cut lubricant/hydrauiic tluid Jdecision The recommended
lubricant/hydraulic {luids of MII~1-27502 and 500° F cster tor Mission A and
Mission B respectively were selected when the other facturs atftecting system

operation such as operational service life, hot spot stability aond vapor pressure

were considered.

An attractive design option in terms of (ntercepior size and welipht is
through the use of precooled fucl. The use of this technique in supplemential
studies for both Mission A and Misslon B produced significauncly lighter inter-
ceptor designs.

And finally, the key factor to the fulure suceess of advanced alrcratt/

engine systems is the integrated systeams approach to thermal management.  Close
coorv.atfon between the engine and aivframe manufacturers {s mandatory it thesc
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systems are 1o achleve a high lTevel of efticicnt operat ion while still incor-

porating cu.rent or near-term tuclys, lubricants, and hedrautic

floid:.. 7he

airframe/engline system intepration concepts graphically demonstrated in this

program should be applicable to all future programs, not
hiigh flight speeds.
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SECTION VILI

RECOMMENDATIONS

Determina! ion of performance effects on an installed er.gine basis (air-
plane performance increments for a fixed mission design) cnables evaluation of
existing fuel and lubricant capabilitics. Payoffs for rescarch and devclop-
ment alternatives are jdentified on a relative performance basis. 1t is
recomnended that developuent in the following areas be pursued:

0 Higher density and louer cost alternatives to achieve JP-7 class
thermal stabilaty.

B) A 500° F bulk oil tempervaturce capability lubricant,

o High temperature fluid system componeuts.

0 Electronic control systems.

0 High temperature {uel/aiv heat exchangers.

0 Alrcraft/engine tacrmal managemend practices for near-term applica-

tions.
0 Operational and performance implications of precooled {uel.

With the technology assumptions for the mid 1980 time period, JP-5/8
fuel was found to be adequate for Mission A and only smail weight reductions
were achicved by nsing the higher stability JP-7. However, due to possible
limitations in the areas of maintainabilitvy, reliability, and life and duc to
the marginal nature of JP-5/8 In tue Missien B application, development of a
hipher density high stability fuel Is recommended. A thermal stabilivy greater
than 700° ¥ and a densitv greater thon 51.8 1h/0t? can potentially be achieved
through low cost refinery processing of kerosene fractions.  The cost of the
fuel is considered to he of primiary importance if the benefit, of higher thermal
stability are to be translated into reduction in aircraft/engine program costs.

During the FLITE Program it was found that lubricants with bulk oil temper-
aturse capabilities of 500° F provided accepiable lubrication system performance.
0il temperature capabilities below this value tended to produce Increased
degradation effects and decreased service life of the lubricant while the per-
fermance gains for higher bulk oil temperature capabilitics were negligihle.

rAno
wn

For these reascns development of F lubricant s recommended.,  Tn addition
the other lubricant properties such as viscosity, autoignition temperature, ind

vapor pressure would neced to be factered ioto the investigation,

Sat.ls{actory operation of fucl delivery and fluid power system components
have been proven with the prosent primary type JF4, P9, Jei-A and Jet-B fuels,
and MIL-1L-7808 and M:L-1-23099 hydraulic tluids on precent operational type
airerafl. However, 1+ shoutld be noted that 1luid pumping and metering 1ov
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these present engine flulds is being accompliehed at temperature levels below
the 325° F maximum limit {eor the fuels and 425° F maximum bulk il tempera-—
ture for hydraulic fluids. Althousn some compouent experience at elevated
temperatures was achieved during the XB70 and 587 engine progroms, the high
temperatrre t.uids and the operating envirouments of the GE16/FLITE and the
GEL14/¥LITE engines would require signilicant component development effort.

1n the early stages of initial concept, thercfore, it is recommended that scale
or subcowponent tests be verformed on system conponents w!.hin the expected
fluid temperature ranges and simulated cnvironments. These tests will develop A
the accuracy, temperature, compensation, control stability criteria, and
volumetric metering characteristics required for the fuel delivery and fluid
power systems., It {s anticipated that scale or component tests will also
establish shaft seal, vellows, dynamic piston, and static seal Jesigns for

the systenms.

Precise, respons.ve contvoi of engine thrust is a prime requirement for
the GE16/FLITE-1 and GF14/FL1TE-2 .ypes of ecngines. Operation in critical
Mach temperature areas and integrotion with the aircraft systems may requirve
a greater degree of complexity than in existing designs. Continued investiga-
tion of electronic control systems compatible with the antlcipated temperature
environments is recommended.

One of the primary reasons for the significanit weight redictions achieved
through the use of JP~7 in Mission B was the incorporation of the ramburner
liner cooliag air fuel/falr coolers. These heat exchangers were located
immed{ately upstream of the ramburner distribution manifelds. These heat ex-
changers permit a 50 percent reductlon in cooling air necded for the ramburner
liner and the exhaunt wnozzle. To galn this increasced engine performance, how-

ever, it was necessary to allow high temperature peaks approaching 1000° F.
Although the design and location of the heat evchanpgers minimize the residence
time at these temperatures, little is koown about the properties or the per-

formance of JP-7 at Lhese counditions. 1t is recommended that programe of fuel

property definftion and heat excuanger design and performance at eclevated

tempecature conditions ve further explored.

Both Mission A and B iuterceptors penefit from increasing interface tempera-
tures.,  Advantages gained in increasing airframe fucel heat sink allotment have
offset any reductioun in ergince performance for Mission A.  Yor Mission B, the
engine performance increased with increasing interface temperature duce to
improved cngine cycle thermal efficiency. Recommendations concerning engine
alrframe [uel interface temperature include an assessment of current design
practices and system specifications which limit the interface Lemperature to
approximately 200° F. The present generation of military aircraft are approaching
the limits of these current gnidelines, requiving an alteroate systems (engiue
and airframe) design approach vor the continued use of high availability JP-4/5/8
type fucls.

Application of thermal munogement from an aircratt/cengine integrated
svstems approach could enable quantification of the limits of existing fucels
and lubricants as applied Lo uear term evolutionary atrcrafe decigns.  This A
could pave the way for improved performance resulting from increased use of
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fuel to satisfy aircraft system heat loads. Tioe evaluation and compariscn of
the overall performance 2ffects resulting from variations in the allocation

of fuel heat sink should be identified along with the effects of systems and
fluids technology improvements. The major objective of such a program woulid

be to formulate ruidelines for future aircraft/engine fuel system designs which
would siress an integrated approach to maximize installed systems performance

and to provide a basis [or uniform, compatible engine and airframe specifications
revisions.

An attractive design option in terms of Interceptor uize and waight is the
use of precooled fuel. The overall effects of precooled fuel on vwechicle per-
formance have been identified in terms of reduced aircralt and ECS weight/com-
plexity; however, other factors should be investigated ro develop a coaplete
understanding of the advantages and drawbacks of this concept. A slipht
increase in fuel cost would result {rom the precooling operation together with
increased ground support equipment. These cost increments must be evaluated
against the reduced total program costs resulting {coum the aircraft size
reduction and aircraft subsystems simplification. Previous Investigations of
a similar nature have indicated the desirabilicy c¢f reduced size and complesity
at the expense of increased ,round support. An investigation of these para-
meters with application poteatial to near term military aircraft systems Is
strongly recuommended.
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